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SESE 


ABSTRACT 


Bie prOplem Ofaimvernal friction in cold—-worked 
metels has interested researchers since the original work 
of Bordoni (1949). The mechanical relaxation effect 
Frown aot hnesbordoni peak, consisting of a4 eee en 
Pigome sa ceMpCtolive ;ependence of the internal friction, 
HasmUceneOn mriame Inverest., “As early as 1957, the dis— 
location kink theory of Seeger et al was able to account 
DOr ecwespranary Teatures: of the peak, parvicularly the 
acuivavaon enerey. This theory and the several versions 
Hig tei vemOg Nowever Deen aable to explain the spectrum 
Oi euleybordont) relaxation. 

THemworme ores enveG Nereis en experimental study 
Set ooerioal mt clo Lone MeecoLd=—workmed nickel. A comparison 
CeeLie es mOornoni peak ity niekel with that of copper has 
ieee coustiiverie MOGLrLCaATIOnS Of Bhes sceters eo. a a! 
theory given by Pare (1961) and Hobart (1969) cannot 
Secouny fOr che spectrum oT the Borden, peaks. | Wesnave 
found that the Bordoni peak: ian nickel is accompanied by 
a subsidiary peak similar to the Niblett-Wilks peak in 
copper. We present measurements of the subsidiary peak 
in copper and nickel,whieh lend support to the Thompson 
and Holmés (1959) proposal that several discreet relaxa-— 


tions are present in the vicinity of @he: Bordoni, peak. 
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Mme uneoretical considerations by Seeger and Schiller 
(1962) on the effects of kink-kink interactions are also 
discussed, 

A third relaxation peak which occurs in cold-worked 
DPCKel Wwasealtso studied. It is shown that this. effect 
arises ma rommone Anveraction of dislocations with hydrogen 
impurities anawcan De identified with the hydrogen cold- 
work peak in iron (Gibala, 1967) and tantalum (Mazzolai 
ena Nuovo, 1969). This is contrary to the Sommer and 
Beshers (1966) proposal that this third peak can be 
PCencrLeGnwitoa the Bordona relaxation. Our measurements 
Onerantadum have revealed a previously unreported relaxa-— 
Pion Ocak wWwitci i= InlLroduced by cold work. (Possible 
explanations torhthistpeak aresdascussed? 

Wea Weve Ounge thatounder certain conditions, the 
itieerhe Penrrcraon Of “cold—worked nackel, exhibits a 
Pi otGeol sreciom near liguid helium temperatures. 9 This 
Plicet wc COMDared Wilhesimilar results that have been 
reported for iron by Bruner (1960) and Vienneau (1968). 
The measurements are discussed in terms of magnetic 
Peiawetion, bnat «.s,—seress Didicedymcoy oT eo limaener uC 


Comean wall spanyonesporesence of sdislocauions. 
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tae Tac Goat isoli ds, .and .n particular metals, do 
Mol, Dcheave, ind, pertectily, elastic. manner is: a well.known 
DIetomenonas Aconsequence. of this deviation. from ideal 
behavior is that sound waves and mechanical vibrations 
Ganno® progress, give wolid with undiminished. intensity. 
The epienonenon. wwarilous ly reterred to by terms such, as 
acoustlcr+damping «or internal friction, has been the subject 
Cian we vest ural Ons Om over. centuny.. The most <~mpor— 
Lano results in the carly iiterature have been reviewed by 
Zener (1948). 

MiCuOoRiIies tw Tieorel Galeconsideration of iionifi— 
€anicescealing wilieinieraa lf eiepion yconsidered, the solid 
G@QmcOnbe il Nnyone Om ~moOres«orderineg ~reocesses, through which 
the stress of a sound wave could relax. Zener (1948) has 
puesem Ved wo sphenomenolosicaletheony of stress relaxation. 
Tien ocOry et nerecducesaiitst eorder fserms in the stpess and 
strain rate into the normal (Hooke's law)elastic stress- 
Sica bce vo ONS... peas eaweOnseguence.subsequeny experi — 
NenGaLeainves>igations wave generally.been attempted to 
delineate the ordering or relaxation processes ,that .cause 
Pacennal~LR1elion: 

Of.the many pe aieal FeLCULOn SOURGeS Loa l nave 
beens studied ,pmost.attention has, been »foeussed ,on ~extended 
faults. in smetals, primarily dislocations. , Read (1941) was 
GHesLirsteuo suggest (OER TOC EM OU Telekcy “lighogncnren lh ame ex ra hele! 


iiLMeta lou eecausedepye the ss reoss—inducedsmotion of dis— 
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igebh2 mer? goisetvet stad Yo bongvprenas S ecainaniaus © 
exoliaidty tavthetoen tis sevaw Pauee. Jars st ‘eiakeee 


swphansdnt telszlaintsnw asin biises ql seetqetq sonnas 


R 


26 iste.amyod vd 4 erneatey vi SVoliay , (onsagmsag elLdT 


SSeohdun siiJ,nssa esr, isoie'? Lenusgeal 20 grilqmed. ofsevogs: 


7) 


—(oani Jaom Saf «<YyeNInNss 46 "IS9V0 MO? enoltsgiveeavat yew t0 


Aa) i beay- ty ay (195 avyrrt othe hs L Vi TES gf) nt adlwacs ine? 





.(BVOL) weaned 

“Pitjmats jo fotssavebi fsolsarnedy seetieee sat 
bifer, eid. beisble; folnt Ianaevnl ddlw geitiseb epags 
joaliw tavgot gSesene%se ug es Bat eo ie t sno. atfe7ges 62° 
ean (2021) sa23. xafet bluse cyan. baste. goto eaeave Sag 


lonsponemy & beeneagug 


‘ww 





Dna Bhat? Y antie? sabio. test), Ssoubonsa? weed giae 


-sgogic olfasiaiwnl ¢'=sook) [saron- std ofes O2a7 Bee 


= 
atl 


~iegxo Ime peat songupewion £ cA ...Qiienoitels? aheaee ee 


O27 OHetagascs mn ) 4 Ts99nSe Sverl coos sagt sees Leanee : 
Sense ded eecievoia woltaxefanno yorlisbse sq? . etaentiog: : 


—nohials Lenvoank: 
i $eu3 Ooo S, oaksotat kenneditit a  - ae 


—, 


—_ 


er Pe ae ape": 


» 
. holy 


ec one, sinew interest n-dislecationsmorion Ws primarily 
@ue=roeene roles theseeravlts* play tn the plastic flow of 
Sevrdssunder = larze@stresses (see "for instances Cottrell} 
LOSS IM JUsvs “easonable Vo expect? that “antundéerstanding 
oPpethe motion of dislocations under thé small stresses 
present in a sound wave would lead to a better understand- 
ing’ of their motion under larger stresses. This knowledge 
would efecourse pe soP*iundamental importance r tothe theory 
Of Chetstreneth "or maverials. 
enevyexperimentalsinvestigatvions of internal ifric- 
Gren havemuncovercd allarce “number *or ®errects which ®can 
be attributed to dislocation motion (see for example, Mason, 
1966 a). From the varied nature of these effects, it has 
Become inereasingiy clearvunarvvdis locations ®can -underso a 
Varteoy or dGfhirerente@modes -of emotion and that simple '’models 
s7eneas that "of the "Granato—-Lucké” (1956) theory cannot 
Neoceuny corral l.of these venThesesdiftricultres occasioned 
Prepunurcadueri on 6GPULhenkinkeeconcenpteaMmtorthe theoryeor 
internal friction (Seeger, 1956). This concept has given 
GhertBestroverall picture of distocaricnMntéernal friction 
(Seeger and Schiller, 1966 and Alefeld, 1967). 

OHeson thetprominent-=feavures of dislocation anvernal 
friction is the Bordoni relaxation effect (Bordoni, 1954). 
THLSWPELaxation “arises (from a typevor dislocation motion 
wich VustGhermallySacvivaved! ~AdvhoughsthereQhaverbcen 


many theoretical models proposed for the interpretation 
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©Gelheurordonigeiiecta( Niblett, 1966)ethe mostewidely 
aeecenced theowyeis GhateoteSeccerteteale(19O57).8 This 
Proposal attributes the Bordoni-effectitorstress relaxation 
eauscdebyrtheseencrationrofidoubke kinks tinpdislocations. 
Paeveordonijertect texhibitsynitself’ asharpeakeinethe inter- 
Nalefrictioneversusrtemperaturescurve and the-majorsproblem 
Wit thepsessersact alymodelniseits faiiureytemexplain the 
large width of this peak. Attempts to modify the theory 
of this effect have been reported by Paré (1961) and more 
recently by Hobart (1969). The Seeger theory demonstrates 
Chay paeseeneration ohedoublie kinkseis a thermal lysactivated 
peocesseanaia caleulatdonsissciven for thesactivation energy 
LAVOLVed aj pParéen introduced .the concept of -internalyustresses 
1Mjno thestheery and¢~iromethis,postulated that. double,kink 
SenreravuLoneinvVoOlves a ACont sinuous sspect rum of .activation 
SNereibesnesiec also showedethab thesshaperol the sBordoni 
peak in copper is consistent with such a spectrum... Paré's 
PEropoesalshowever couldenotmaccount heompletebyrfor the 
wWudthoofathestpeak. THobart\pointed,out that;the sactivation 
energy «spectrum couldpbesaffected by \dislocationdsplatting 
andnbyetekineg this into consideration Heewas able Goraccount 
LOoeEcLhetwidthp~of athe--Bordoni speak. 

From an experimental point of view, the situation 
is more complicated. The review by Niblett (1966) shows 
bhae-Lhere 428 no agreement IiecheslitperaturcyonugwheGher or 


WOomabae width of .bhessordont peakacan be sattributed tora 
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Spectrum of activation energies, since from the shape of 
the peak alone the spectrum cannot be determined uniquely 
LPondonde.,.2961:).... A second, less important, problem with 
Tne eer enwnodel is 105 tallure to explain, relaxation 
peaks, similar to the Bordoni peak, that have been 
Observed anocold worked b.c.c..,metals (Chambers, 1966). 

ihe present, study consisted of.measurements of the 
PGS he eine Uion an cold, worked, nickel an ff. ¢c.c.emetal. 
Ter peakte thay were observed, were, compared with these in 
eopper- and tantalum. .» This, procedure, provided new informa-— 
Powonsor, wie. bDordond. oeak and #he peaks in. b.c.c. metals. 
BUckence. Weasim be. presented: TO show, that both types of 
Deo weanoccur ain wi cokels, . The peak ident tied: with the b.c.c. 
My pea relaxavion an this work, was iftdrst, observed by Sommer 
and Beshers (1966) and interpreted by these authors as the 
Peongpn. peak. The evidence to be presented here will show 
tae teow peak to hydroven cold work peak. The D.c.c, 
relaxation peaks are now known to be of this type (Mazzolai 
andaNuovo, 1969). This study has also, shown that. tantalum, 
Sabec.c. metals, exhibits a previously unreported speak aL 
temperatures lower than that of the hydrogen cold work 
peak. = fhe peak observed in -mickel, av aylower temperature 
than the cold work peak (Berry, 1962) is shown to be 
accompanied by a smaller subsidiary peaks on avs low tem- 
beracure,s10e, The double peak is compared with the 


Bordoni peak which has a similar subsidiary peak and the 
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Peele favors a discreet spectrum as first proposed by 
Piongecn and s}olmes (1959). Thisvis discussed’ in terms 
of the Paré-Hobart proposal. 

ANOUNer™= type Of ordering process which is known 
Tomocour it herromacnet to metals such eas nickel ae that 
SesoUlavcdewilthy uhe induced motion of magnetic domain 
Voewem Pozorgikslo5)).  8The antvernal ™frictionrin’ cold 
Wervecdmoackel was Pound TO exhibit an anomalous ertect 
at low temperatures similar to the “plateau region" in 
iron, first observed by Heller (1959) and associated with 
Westie men tnivernal wiriculon. Lhe auvhor wrote an Moc. 
Siests in [900 on the 'Anélasticity of Tron at Low Tem 
Peracurese which consisted primarily of an investigation 
Ol che plateauseerion.-~ These results along with more 
recent measurements will be compared with the anomaly in 


nickel. 
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CHAPTER 2 
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‘THEORY OF ACOUSTIC RELAXATION 
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Pomevcveral theory or acoustic relaxation 

Oniy 2 brier review of simple *relaxation theory will 
Be eiven here=since 1t has been covered in detail in a 
peevaows  t nestisa( Vaennesu,. 1968): oThis treatment follows 
the work of Zener (1948) for relaxation in a "standard 
linear "solid" using @ Single relaxation time. 

iver standard DINearN Sola ne Sl ress-sprain relarion 
is asSsumecgtoecontain-first-order terms in the stress\and 
Strain rates. It is usually written (for one dimension) 


een Orin. 


Jo ae ae 3S Gp ee : ee ike) 


Peete @ometas tie Stress Component, © is The strain component, 
J and Jp arempneskunvellaxed@enagmrelaxed Complianceslrespec— 
tavelyonand we LeaLrRearelaxabieage tameeatecometantystress. 


Wie Gifierence between the relaxed and unrelaxed compliances 


Mowe? wiecdsas the relaxations or she compliance, 6J.,0that as: 
Ol Ga dhe Se el : (2) 


In the case of acoustic relaxation we are interested 
in the dynamic response of the solid described by equation 


GAgimy. AGivenlan osellbapingistress: 
go =0a sue é (253) 


where ca iS, Fhe Stress: omplitude and ysis Vhevcircular 


frequency, it is seen from equation (2.1) that the strain 







notjsye toa: renone 16 amor areca 

Elid Yanai: rorsarniet sige Vi waives Yala: = vind 
a mt Liedeb nf boueveo daed ean t! gurts ered. wavdg od 
diotthn drahgeet? shit! ARAPE gieemokh¥) siesds auolvesq n 


bytbrswe" ef otdeeefed dot (IMCL) satet 40 Bree ong 
| _endt noijsesl6y sfacte-s gaten “Siler eee 
nobde! jd2~s28%9 2 seonil $¢6hnade 2 fl 
bin eco" ‘Abro-adsnei? aletoes o¢ Demeee Be 
(nolen “yw vifevsyv-el 0? .sedim nigga | 


:mnat ey af 


(1.8) 7 tae ay? + g's 


InSb om 1 S94 ye 5 ,wtitisaegtican Se gnta srg i G s79dw 
se02¢ fTamos DHSsxei at. oi : ayxyafourtu, ets secs av Dre yw 


L265 LJ so et : wee: Sid iver I1S22 ot roar? wa bne eylevid 


tt 
a 
a 


bon Eezsias afd neeweed serferesttTtb eg 


2 sald .la ,sonetiqnes-sist-to. noljexeled Oy sap Sentied aft, =3 
; P 
BS) / yt = ge = 

(5 f i a” té 


. ‘beinoresiat snes ow hotIsxalss ottanovm to eaéo add: at 
; a ‘Retteups yd. tediioneb, biloe act Io sanoqaes? ofmasnyd |edg? ie 
AS raeirts galt ihewo os aeve0 «(ee 


. r 





g-) 
oT 


aml ; 7 


, tO - 2" 


¥ . ‘ 


Tove iver, by: 


¥ 
eed (alec. Cap 


% 
The complex compliance J (w) is usally written: 


ie = J,(w) - i J(u) (225) 
where: 
Te = = Faas (286) 
enc. 
Jo(w) = 6d See : Cay) 


ine Variav.ous sot, Jy and J5 WLU ew peawew Lt Lusi ia toda 
Pee wee 
Mie wcOnolex compliance indicates: tliat, the strain 


tate sbemina une stress) by a phase angle do given by; 
tan @ = J5/J, . (273) 
Biewuuaieveyecvan o , Called the internal friction is usual by 


expressed in the: form: 


= A WT 
tan @ = ——, ———5 > > (2.9) 


L 
CE + wet 


woere A, called the relaxation strength, 42s given by; 


iN Ee J/J, 5 Ca key) 
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THE VARIATION OF REAL AND IMAGINARY COMPLIANCES 


WITH wt, SHOWING THE RELAXING EFFECTS AT wt = 1. 








Log wT 





Une Invernaleiriceions tan ¢,veiven byeequation (2.9)ohas 


demaximnumsatewie= 1, given,by: 
(fan $)) = 5 —— Cele 
on) ee 


Peete cect. y—~snowne thate the phase angie’ o 16 related tO 
Eme power” P= alssitpated by the™oscillating strain and* that 


this relation is given by (Zener, 1948): 


cee ay = Cae 


ia 

WH? 
Meteors toevne tToOLadt elastic energy of the oscillating 
oti we oS seen. Irom this expression that tan o is 


a meastmes ol =the Camping of the strain wave, i.e. > sound 


wave. 


Peee itera y acu lValco relaxation 

iiecieetast Ssecuson, pence relaxation Lime) was (treated 
aemomparamever. However tT may often be expressed as a 
PouNC GLOneOLeOneeOLemMoOre Variables. =-fOr-—exampLej=4n a 
miemmavly activaved relaxation process the relaxataon time 
obeys an Arrhenius rate equation (Zener, 1948) and is given 
Dy: 
C239 


Vier =s2iL toe 


The quantity a is called. the limiting rele vavion came, 
Geuthe activation energy Tor, the process, is Boltumann's 


ecnsecant and T is the absolute temperature. 
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The peak in the tan ¢ vs £n wt curve may be experi- 
mentally observed in two ways. One may either vary the 
pmequeioy gor Piewrelaration time T (via the temperature). 
The lauter metnod tse often the more convenient since the 
relaxation time may vary through several orders of magni- 
Cude (or awrelavively “small variation in temperature. 
(emtextmumernvernal Priction will or course occur when 
Cea eel we COMD Ine uhis =cOndition with equation (2.13), 


West ind Lihat: 


xi 
= ar 
gn w Le NE ‘ (2a) 


where ae bie one Lemperaluregay which Maximum damping occurs. 
Diese cdependence of Tn Ol une 1requency ol Vibravion 
enables one to—-determine W and a experimenve. by.) -Aeplov 

Of 2 w Versus ee will have its slope equal to W/k and its 


aabereent equal to 2n ae 


(mee le rabeon processes. With a spectrum of relaxation icvames 
Manverelagavion processes) wollen migie Derexpecrveds uc 
obey Equation (2.9) exhibit a peak which is much wider than 
the theoreticad prediction. This is vinterpreved asi tis 
PesulLs Cla spectrum. of relaxation tames being associated 
with the processes rather than a single relaxation time as 
implied by ,equatian (2.9) (Zener, 1943), The observed 


acoustic relaxation is thus the average of many individual 
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Drocesses whose relaxation times are distributed about 
a most probable value Tene 

Im the analyuical treatment of this behavior one 
Usceveasnormmealized distribution function w(tn +t ). ~The 
tnoaividual processes, eneracterized by 8n 7 and tTavling 
in the range d(2£n t ), are assumed to contribute to the 
relavetveon Of tne compliance an amount dJ given by 


(Staverman and Schwarzl, 1956); 


DIMersaUK ener Taken a7) Ue (‘2 


Piiseediavrois, (2.0) and (2./) may be rewritten as: 


a LJ, (w) - J] = Sa oe oes O26 
Lease BT gs 
and, 
= WT 
d [J,(o)] =a —“h, .. ee 
ioeg cowie ge 
These equations may be integrated using equation (2.15) 
obtain; 
to w(e£n t ) 
J, (w) = Jy Peal wie ge ae olChaae @ 5 (2 
soca 1 e-be W)se 
and, 
+00 < 
J5(w) SPoanily mag ota ivan TOR tlt ek) ae Wren 


ay I ah WW) 45 


Equstions (2.18) andi 2909) oreduce, to (2.0 )Pand (2.7) if, 


VECUn TEs Sa baken  LOmbeua Dirac. della stunction. 
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The treatment of the integrals in the above equa- 
OIE OeDeNS , Omecourge’, or the form of wCin r).*" It has 
been found however that the shapes of J, (w) and J5 Cu) 
Pie eos NOt Ivery sensitive Lo the form of the dis— 
Cero sOmerunecy LON (perry and Nowick. 1961 3), The width 
OP ones “OLSturi bution Tunection is the primary, parameter 
epiecting Jy and Jo. It is thus possible to,assume la 
Dorticvlear form for (ln 1) without ereatiy affecting the 
Perera oy Of the treatment. The following seetion is 
based on the, work.of Berry and Nowick (1961 a and, b),in 
woven eelesGsussian Gistripucion is used to study, equations 
Cato Senda? o) 


Wer DOWeintirodiuce, the variable .2 given by: 


% ==eon TAEH (25209 


Spomenenette GComssiam GietribuLmonm LTunction is @iven Dy.: 


2 
WCZ)°= = exp(—4 Asbo aks (ren) 
BY 1 
The parameter 8 is the half width of p(z) at e+ of its 
Mean value. (Using the variable, 
ei re (2527) 


pudwsupstitucing We.21) anvo.02.10) ancy(2.19) we obtain: 


SiG) Raed | +00 2 
L oes wal -u du = 
és - ke a > l+exp[2(xtBu) | y ye 3 
C2473) 
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Jo (x) +00 5 
f exp(-u"’)sech(x+8u)du = Pe) (ee) 
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éJ [an 
bince the integrals inyolved cannot be evaluated in terms 
of tabulated functions, numerical calculations are required 
Uw ieebses a Parameter. For §=05 the Gaussian distribution 
function becomes the Dirac é6-function and, as mentioned 
Col ter.) UNee Corresponds to the case of a single relaxa-— 
CLO acne. 

The numerical calculations of the function f,(x;8) 
in equation (2.24) were carried out by Berry and Nowick 
GeO) ee heeresult, Of chesescalculations is illustrated 
Pieters. Dye a normalized i plot. of f., VESCSIULS SE 18 Ore 
VarILOUS» Values -oF "BY LePis neved thas fs has a maximum 
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MetUemaue e—-U. paryeneby : 
f.(x,B) Pu f,(0,8) . Oud, =o lores Ceres) 


The quantity f.(0,8) iSeadiustralredaen tieure’ 2. 35as a 
fmiecrvrouron oa lp should alsorbesnoted thatsthe. widthror 
the peak in f,(x,8) increases with g and it is easily 
SHOwievlao the assymptotie form of ft, fOr aS eee cae a 


by (Berry and Nowick 1961): 


£,(%,8) = Ee ais Ck’ - C25 AoE, 


Mivexamanatacon On une function f, (x58) indicates two 
Ciimgs. ot —amporpange sar las shUnGh One ds aneenv is yiite biric 
funGt Lone x wiose value 4U x=0 Gls 2 irrespective Of tne 


VeoLuemOt spouse lhne slope ef, (x,B)A x er however decreases at 
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TLGWRE. 2.2 


THE FUNCTION f(x 5B) FOR SEVERAL VALUES OF THE 


PARAMETER 8. (AFTER BERRY AND NOWICK,1961) 
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PIGURES 2.3 


THE DEPENDENCE OF f,(0,B), THE MAXIMUM VALUE OF 


£5(x58), ON THE WiLDihe Of iE DISTRIBUTION 
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ots  mereaccaa™ Numer teal ‘caliculeatdons or f, (x58) have 
Deen tabulated by Yager “Cl936)' imnisttreatment or dit 
erecericwrelaxaci on. 

Wesmust row consider the “possitpility of “a vemperature-— 
Gegenvcenc distrirpurien parameter “By ’ “Pe “discussion Has up 
Posnow speed concerned "wiruh “a “dvstriputronr inthe “avantity 
Get. [mn tne Case of “a "*thermally—-aetivaved ‘relaxation 
PrOGeese,) aT Was foundero bewdenendent on temperature; 


eeeording (¢@ Sqnatiteons¢2i13)., 
Cee tet ee a, (eres) 


hoe sewer roOm nhs eCuarlon *Lhat aeorocriputrion <i nein «7 
Mom Jere one LO bnepexi sence, or a, disiprabution in tn ie 
Coe Oe ulteeoe tiyot ON enersy Wo or in bouh. I> will now be 
PMoOvwmune tet s \DOsSSI ble vO ONtTereéntiate between a spec— 
LAGS HO hese ig Gk NG Le end one =i Weeyeune resulerme 1orn-*or sone 
Specerum iii 2 T'. 


i eeneral’ rerms Ite is Known uiat whe varianceror 


oe ear Tulict Lon Ci severak random Variables Xs TS) 2a Vion 


vies 
nN n c 1 
a A eae: ye Paveas¥Cov xen xs Gon 2.) 
eet i= oe i j 
where a, are constants and Cov |x, , x5] is the covariance 
Or the pair of random variables x, and Ks (see for example, 


Jenkivie’and Watts, 1960). it is also known thatsig x, has 


SeConvee od SLO Dito wunes linear aunction on the ert 
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Nendy ewe Ome eOVatdons 2 wf.) will also wnave a Gaussian dis-— 
Boiron. sie above relation was applied to: equation 
(2.13) by MacDonald and Barlow (1961) with the assumption 
that 2n hd and W are random variables with Gaussian dis- 
UrLbuLtons of width By and Bw Pesvecuiyely. ) they a2iso 
assumed that these two distributions were independent of 
One PenoOwiew ws This Jesds to 2 Gaussian, distribution in 


Vie Galen GS NOTn. Be oi ven by: 


B ¥ 
g = [et + (on | nee (2.28) 


O 


We Tole, toat. unless Bw Va iiehesr (0 Lat nuput ion inn Tes Only), 
Seow nC Ole Ole Lenneravune.  <Lf, BB Varisnest a Wee See ssa. 


Bets. aL en. Dy 
eh rou , (2.29) 


Heme see Unat an aclbivation energy spectrum 18s cdistin- 
euccwedss rom a lamiting relaxation time spectrum in that 
ipcauses givenperature- dependenw spectrum ity Qi t.-: Berry 
and Nowick have shown that if Bw and Pe are not andependent 
Ol mone vanother Ghen the resulting ‘spectrum inf frit “canbe 


approximated by a Gaussian distribution whose width is: 


Sy vem (2.30) 


This equation would apply when W and Ty are mutually depen- 


dent on a parameter with a distribution of values. 
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The above results provide a method of determining 
Mew eOUr Ce Or a spectrum in 2n +t for) a thermally—activated 
relaxation process. The problém is now one of determining 


Be Geus es) atc ucompaering with equations (2.20) to (2.30). 


De  Bxperimental considerations 

Tew cneocy presented apo0ve Gives a description of 
Une cdynemi¢sresponse. functions rs and fr, and assumes that 
Ticsemsarle Measured duanliaties. In practice however these 
PUG UoOnlem Cano r De measured directly and it is necessary 
POmeOma tier eben me enOG Ol Arriving at them from the experi-— 
Meal rey edeLeruined Quantities. Internal Tricvion experiments 
worma ety, yreda they quantity tan, o,and the magnitude of the 


ao 2% 


Slee oloecomoLiance J SoCs +a) From equation (2.8) we 


see that: 


Jp u=* 5, tan’ >. C2319 


Combining this result with equation (2524), we gen: 


a 
f(x, 8) = 35 cari oe C2ats i) 


In the case of thermally-activated relaxation processes, we 
have seen that it is advantageous to increase tan $9 as a 
function of temperature at a constant frequency. Using 
Squeulolcmee ce! 5 and) G2..22)) We sce athe lie Varaab lec ye 2 
tilewCase 1s, Siven by: 
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where es tov ne moateprovable activation energy. Thus, if 
Jy and sos are Known; the function £,(x,8) ean be calcula— 
ted. tae caltculation can be simplified by assuming that 
6J So (usual case) and that both 6J and 8 are indepen- 
Ceumowlcemperatirce. Under these assumptions equation 


(2.31) becomes 


PSE) aera 


F(0,8) ~ tand[, (233) 
| m 


The last two equatwvons "Can now Demused to puL tne experimen— 
Pa vamimev ne orm wsed In figure 2.2 and a comparison 
Catmoe Made tO arrive auaeavalie of 8 for the relaxation 
Cen ouecouon, ell 6 is ependent on Temperature, equa- 
milion 2n55) Mulst=be Correeled Slightly to take into account 
Pocereswlting? vemperature dependence of f,(0,8). This 


correction is small in most cases (Berry and Nowick, 706190 
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Pew celal seeteuhe experimental, technique, for the 
most part were described in an earlier thesis (Vienneau, 
1968). The internal friction was measured by a resonance 
technique with a system capable of frequencies ranging 
from 4 KH, Oo. 300 KH. The temperature of the sample could 
be vearieq from room temperature to liquid helium temperatures. 
i Was elsO,pOssible to measure the internal friction as a 


PUDeGE One oT Magnetic field from zero to 1 kOe. 


Pele CeVOsia b 
Prewmervostvat used 10 makine she measuremenvs was 
Powe merci denon LO! onal. Cesecriped by Bordoni, et al 
(1959). Since its original description (Vienneau, 1968) 
MitvemearrTrosbar tas. been moditi ted) Lo allow tne measurement ot 
Poceornetetr Chon LOr several cditrerent= types of vibrations. 
Rao encnra Ll yrpravions 27 bliin disk-shaped samples could 
Deminvesticacca DY the mounting technique illustrated sche— 
Maumee lily insti gire 3,1. he sample was supporveduby resting 
PomOUMmULnree Dans Which made Contact: Withee on va nodal 
Curcoke Or soe normal Plexural mode vo be used, inecus measure— 
ment. Shallow holes. were drilled into the sample at the 
POlnGs of Contact for stability. This .oype vom mount contri — 
butes very little to the damping of vibration in the sample. 
THe torsional. and “extensional Vioraut one eo1 bar— 
shaped sample were studied using the mounting technique 
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supporting of theksample by 3 pins which made contact with 
toeacenodal points. The mounting pins in this case are 
lightly spring loaded and the sample is suspended from the 


nodes. 


Deel iemexcLbavtOnsand Cevection of vibrations 

Mneweo-called electrostatic driving technique was 
seus tOnexe te normal modes’ of vibration in the sample. 
jnis involved the placing of an electrode near the surface 
Guecccecatple at enlantvinodal point VWsee EF in ficure 3.1 
and = an Pierce tse) aeeniiwOocca taba neervol tages (25-156 
volts) was then applied to the electrode with the sample 
Dene wie ii eat eround potenvial through one of the mounting 
Dina wey CONS dering, vnerelecurode—sample system as a 
parallel plate capacitor, Nuovo (1961) demonstrated that 
Bence buelen Volrace Vv produces a forceson, the sample, which 
Tom prolpOry Rona vO Va and Nas fan requency tharyisstwice 
VisweOtU Ven hie SOproletale, Treqnency 12s chosen ine 
driving voltage will produce a resonance Dy causing the 
Sample Lo vibrace Tae normal mode. 

The surface of the samples was made parallel to that 
Of the -electrodes by the adjusting screws illustraced un 
the Giagerams. Therydistance between the sample and the 
electrode was adjustable from the exterior of the cryostat 
Visa so econurol rod which vwalseonserved astan electrical comec= 


Brome voeuhe electrode. she eléctrode torsamole Gistance was 
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PIGURE 3 aL 


Dun MATIC OF CRYOSTAT “SEP UP) TOMEASURE DAMPING 


OF FLEXURAL NORMAL MODES IN DISK SHAPED SAMPLES 
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sample mounting pins 
1,2 —ithermeceuple pins 
3 —lground pin 
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PUGURE 3.2 


SCUEMATIC OF CRYOSTAT SET UP FOR THe STUDY OF 
INTERNAL FRICTION IN NORMAL MODES OF BAR-SHAPED 


SAMPLES 


Daas eerrode 

S -—- Sample 

Pe>winree polmte teamp le-elecrrode parailelism adjustment 
ft |— vhermocoupie..pins 


G - ground pin 


Boasts tiary Clectrod ea Gav ome onal smodes 
bes Hever system to tbranstormevertical motion’ of E 
migo sori zontal mov Longo. nt 
Inset) 1 4— Torsional! modesarrancement. showing relacive 
DOSLUitem Bot Et anid. 3%. 
Inset 2 — Extensional mode arrangement showing relative 
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Cyorcas va. Mine etlhe wosition of the electrode with 
Pespect to the samples for the three different types of 
Vtoret Omet Sselilivetrared in ficures 3.1 and 3.2. 

pave leas sites tUneChIOnN Tn the excitation of yibra— 
Gen, tne electrode served as the basis of the detection 
EVYevomewWwith the control rod as the common electrical 
Copvectionmeor bDoLn Tunctions. The block diagram in 
ovr Tomlin Paes. Vieselectronac sysvem and T1ts 
Connece1 ole Oo) the -oleetrode.” The oseillator—-amplifier 
Soom iat wOMmuUsed Or une driving voltage had an cutout 
Gapaoility of 10-250 volusmate uequencies ranging trom 
2 KH, To, sU00 KH. inewyolva tesa lat her was simi lar 10 
that described by Nuovo (1961) and the osci#lator was 
described by Vienneau (1968). 

MWiemdeLect lonsol vne yibravion produced in the sample 
Me smooccdnor tie MOodUlaved discriminator system, deseribed 
Dyeliiovor lool). \This veennigque devects the change in 
capacitance of the electrode-sample system caused by the 
VeorIrloOnsot che Sample With respect to the elecvrode., ihe 
Gutpul Of the modulated discriminator is a signal with an 
amplitude proportional to that of the vibrations an the 
sample and a frequency equal to that of the vibrations. 
Mererecnis signal had passed through aiiiverced samo lid ver, 
system (Vienneau, 1968), it was Led) to eevacuum tube yolt— 
Mmeremn andes Logarithmic Level recorder. |ihe frequency was 


Measured by a preset counter to an accuracy of i0.1 He 
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PUGURE 3.5 


BLOCK DIAGRAM OF THE EXCITATION AND 


DETECTION SY o TEM 
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Chmlecasurement of [Internal Friction 

It has been mentioned several times that the internal 
friction was measured using normal modes of vibration in 
The semples. These normal modes are résonant conditions 
VOrcieamesescriped py a quality factor Q@. Tt is easily 
euewnmc4ener, 1940) that © is related to the internal fric— 


tion by the equation: 


q+ = tang. (3.1) 


The value of Q + can be determined from the width of the 

Pe etetce, Deak tor vhe normal mode of interest. A typical 
peak is illustrated in figure 3.4(a) showing the resonant 
Frequency ry end che Uwe frequencies au had t—maximum 

VO etcUde.  t. aac it. By meacurmp s.hese three trequencies, 


i 2 


Crem ceri mi reccvon Can be depermined from the equation: 


—-. : (See) 
73 te 


ipeeaccuracy Of this measurement is devermined by the width 
Of the peak and since the uncertainty in rs and . Swat cal 


Hy Toc peak musi be several Hy wide before the measurement 
of g7 deomodustacuory. 

When the resonance peak was too narrow ca small) 
to be measured accurately in this way, are was determined 


from the decay rate of the resonant vibrations. This was 


done by recording the amplitude of vibrations as a function 
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FIGURE 3.4 


(a) TYPICAL RESONANCE CURVE. FOR THE NORMAL 
MODE OF A SAMPLE SHOWING THE CHARACTERISTIC 


FREQUENCIES ro rs AND [.- 


(bp) TYPUCAL, RECORDING OF THE DECAY OF BREE 
VIBRATION IN A SAMPLE SHOWING THE 


CHARACTERISTIC TIME t 
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of time on the logarithmic level recorder following cut-off 
erewerryine Vowure. The trace "ofa typical decay is 
snow iti) -sigure 3, hCb) lhe “exponential decay produced a 
Prre ene ane wreemecould be "extrapolated to 50 “db "to arrive 
at the time Lelayt After measurement of the resonant frequen- 
pe Ute Iiivernar rrrMcvlon Was evaluated -rrom: 


-l _ ec 
“ Gear 
On 50 


343) 
The use of equations (3.2) and (3.3) was demonstrated by 
Nuovo (1961). Satisfactory agreement has been found between 
Poe GWOrmMernods when 10 was possible to use both at the same 
tno eicworrorell Tne measurements Of aay Was one percent 
Crmelcseaswoien vne two methods were compared. It should be 
MOLccumunat toc 50°00 Signal toynoise ratio indicated by 
Peres} .41()) fs tyoical of the conditions encountered 


CUD earl the Measurements to be “presented. 


Daw Lemperavure measurement: 

Im order to determine the temperature dependence of 
are Lies. Ol ourse necessary to be e@bie to control end 
Measure the temperature of the Sample. § Ine cryosvar desi2n 
allowed the sample temperature to be varied from room tem— 
perature to liguid Helium Lemperature. This was errected 


Dy sslowly cooling thetsample chamber over a boiling diguid: 


LAQuidsnacrogen was usedsior cooling trom room temperature 
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exe) ETEK and liquid helium was used for lower temperatures. 
the sempletwassibroughtiiiutosthéermal contact withethe 
chamber by helium exchange gas and the temperature was 
held constant during the measurements by evacuating the 
Sample chamber. The sample mounting technique described 
preovided very effective thermal isolation. The temperature 
Gritv during the course of a measurement was 0.1°K or 
less. lmorderm TO Tavold errors in ae OUe CO sbi Ss.) sma 
Griit, the resonance peak was scanned in both directions 
to measure f,, f, and f,. By averaging the resulting ae 
the effect of the temperature dependence of the above 
frequencies was minimized. 

PiemvemleracUrer ol Uile wsaimbDle was necasured by a 
DAacrmoOcCouplesincorporacved in The mounting pins. Pwo of 
Dieses were in the form ot, O23 mm diameter wires, 
oS aved trom eround, One wire was constant’lloy and 
EPiemoOunerTa was CODpDer With Lhe sample forming the Junction 
Deuweenmetne CWO. 9A renerence, junction, was, located ain an 
jee Uavn OULSIGe the cryostat and the emi was devermined 
Dyesvendarda  poLventiometric means. The -calibrationsor = This 
thermometer was based on the work of Powell et al (1961) 
and was described by Vienneau (1968). The estimated error 
in vine Gemperature Cevermination was #0.2°K from room 
Tempera viire v0 20°K. The error increased Considerably sav 


lower temperatures. When an accurate measurement was 
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required below a0 a germanium resistance thermometer 
Woesemountved near thegsurtace of the sample. Temperature 
measurements could then be made down to 4.2°K with no 


increase in error. 
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Wes invertal triction spectrum of nickel has been 
Une subjecUsoteseyevalsinvestigations,: The most)important 
of these investigations have dealt with thermally-activated 
relaxation peaks observed in cold worked specimens or with 
magnetic damping phenomena. In the former category, work 
has been done by Berry (1962), Guberman (1963) and by 
Sommer and Beshers (1966). The earliest work done in the 
field of magnetic damping in nickel was reviewed .by 
Pagarc bee >i. maliostpoteche worksof-interestathat has 
Deenedone jerncenthen thas been reviewed by Truell set al 
(1969). In spite of the large volume of results, there 
FPemabiamanyethinesethat aresnovwunderstood concerning the 
immerse | virictdonyoLensckel(see.for instance Dietz, 1969). 

mae purpose aor this jworkewas toastudy experimentally 
severalydamping phenomena which occur in eold worked nickel 
ano oO wens reelNeneWwithepne wresulLisdanpeotherenetalsay The 
most important of these were copper, tantalum and ion. 
This procedure has illustrated many interesting properties 
of RicKkeleandthastalso thrownedighteon dampingechicctsean 
phieaotherametalsementioned. 

The measurements on nickel will be presented first 
£oLLowedabyneach of the obheremetaiss.individually sees 
discussion of the results and a comparison between the 


different metalsiwiliebesesiven inaGhapvertd. 


ag 























fedels Lo mioege aeiishst {serisdnt eft. * 


maed GBF L920cr 46 
rivinedel doen 3c noltepgdeovnt fmisves 30 sostdue edd) 


tute UFewtais eid, Jie eee #notagui teavat ezed3 Io 
\fob-wh Davisado. satay sotgaxsieg 


TE 3 al .agemucreriq aptemeh ol sergatnas 





: 
nite ¢ ae yaduo ~(S6bll) erred ya serop weed esr : 
4! abi) exeatiesd nme sama 
Stn af aniqush ol venger So Biel® 
yi. . Cb@GL) seBege i 
nt gegs sente saob nesg 
. sunal sat Fo @32qe \nl . (@ag@£) ae 
= ii : nit ganatd? vos oatemes : " 
. : 0) sity he neigolr) tsarsdal 
oie 1033 ; ® 44OWw 24 7 SsoqThq ait 
ent iy t ,; is Don ‘stew casmoieda aniqneS la eves 
' z : 
{ a9 liye | i“? S87 e:saqnoo oF BAB : 
\ , 
nom. Gas. wt : ‘ ig Z saads ‘to inegrogm?. 260m | 


seidttgo ig pitiesuetal yot batareuglt,. Ban BIpNesong stat 
o - ' oo 
nb 2d9a92s anlemnet ac sduil dawetd oelp ean base Latot¢g 16 


bogolJqam.sieten tehto sfé 






' AS 
carer bedrsesay Sd Shiv Isetn bo etnemSqpanem oft 


ake - Fcmeael ‘to dege yw bowel 
ie naapeaa hone? 


32 


Ave Nickel 

inPordersto study the effect of cold on the acous— 
EeCyiampine in nickel it was necessary to start with well 
annealed samples. The material studied was purchased from 
Johnson Matthey Ltd. (London, England). It was spectro- 
proonica ly escandardi zed, Jpolycrystalline metal the 
analysis of which showed an impurity content of less than 
10 ppm initially; all the samples were annealed at 950°C 
POreesitore Oremore in yacuo. The work of Echigova and 
Hayashi (1969) has shown that the treatment would conside- 
Peo vyeceouce Une dislocation density. (In this condition, 
Ulcer room Lemperavure internal friction ee was very large 
eG tese va ue Cecreasen onlysslightly at low temperatures. 
Pniere werewvariations, rrom semple Lo sample, but a repre- 
sentative value of a at room temperature was 5 x ome 

Wigoiethe inavaal Condalione Paven Above; a disk— 
shaped sample was cold worked by swaging to various 
Gegrees of permanent strain. A summary of these results 
is presented in figure 4.1 showing the temperature depen- 
aenice oD ae PeCervenci rea uneiuwealne SLicequemc yaoi: 
vilracione, in all cases., was approximately 365 KH. The 
ercenc slirain quoted Tefers to the Paniccias in the 
Gnicekness Of Lhe sample. Gherrirst: eitect vot colds yoru? 
Was tO dramatically reduce Ghe Jarge damping observed in 
the well annealed samples. The amount of cold working 
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FIGURE 4.1 


THE EFFECT OF VARIOUS AMOUNT OF COLD WORK ON THE 


INTERNAL FRICTION IN NICKEL. THE VIBRATION FRE- 


QUENCY IN ALL CASES WASeAPPROXIMATELY 85 KH, . 


Note: 


A reduction’ in svhitekness 
sr By 
C = 5% 
D - 12% 


mne scale is@came for each curve but has 


begmaeasplaced tor clarity. 


Si 








ant 
ITOIAY JAMRATAL 


)S JIA Yl YORaUe 


2 
Lad 
| oe 
: 
= 


> ul | 
1. ™ 
( } 
a. = & 


: 370 





@nee of 100 200 Niece 
TEMPERATURE °K 





34 


the ane curve at about 140°K. This is accompanied by ta 
smaller peak (to be called Ps) inmeitheavicinity of 65-K. 
perourtheveryeintenesving effect of cold’ working isithe 
clearly visible increase in Ome as the temperature is 
lowered below 50°K for 3% and 5% deformations. This is 
in contrast to the well-annealed and the slightly cold 
worked cases where oo continuously decreases as the tem- 
Perelvugesisatowered® 

The-anomalous rise of — below 50°K and the P. 
peak at 65°K BoOVemMOCE Decne repoeleiein The wlirerature end 
Piere rl oregrecei ved detailed study Mere.» The main peak; 


P,, at 140°K, was reported by Berry (1962) and by Sommer 


1? 
and Beshers (1966). These two papers present conflicting 
PumeEDmeCautOnseOLecCnismpeak and the present study was 
Cesd SnedeCeanesolvesone saviatvon. ihe batter authors 
PeporuLcne oresencemotranovner larce péeak=in on Gurpye 
Scuateduncareroom Demperaltures  oThis speak, to be calded 
Pas Waceround sLonbelnmose prominenvetorederormations ofmiess 
thane Op enThemresudtsnpresented here foretherpure nackel 


ceamplerdonnot show thistpeak and atrwas* thereforevanternes— 


Cimeerosat tempt Lanlexplanationvoiathismerfects 


Pethe P- relaxecaon peaks 


al 
THe Most Tamil areea spect; On elem vemperavure icp cn— 
dence of are the peak P,, will be examined first. This 


péak is known to be due to a thermally activated relaxation 
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process (Sommer and Beshers, 1966). This is substantiated 
OyeC Ie measurements Tilustrated in figure 4.2. The three 
CURVessrenresent sone dissipation coefricient o> for 

three modes .ot mickel “sample No. 1 after 12% deformation. 
Mewre seen Unar the Temperature of maximum damping Tn 
inereases with the frequency of measurement as required 
Cyecquacion (2,14 )") “hermally-ectivated relaxation should 
ov emcees owonelit  eeui1on in vhne “elastic Ccomoliance as seen 
cee View eis eoehay lores tou lds ber rer lecred| in mhe 
memOewa lure Ceoendence "Ore tme resonant trequency of each 
mode (Bordoni, 1960). This inflection point is clearly 
visible in all three curves given in figure 4.3, although 
heme op oru a livemeacked by thewnormal temperature depen— 
dence of the elastic compliance. 

TG wes! advisable vo make a study of the various 
Raramevers of the relaxation singe they have nov been 
Gleariy delineated by past workers. This study included 
wae devermination of the activation energy, the limiting 
melesarilom tame and an agalysis ol the Spectrum of relaxa— 
VEO ines. tb as DOSsscible To determine whe acu yvavion 
€nersy and the limitane relaxation time from sa graph or 
k gn f,, versus Ane as Imoreaped by) cduntvlonn 2) Ae etic 
resus Obtained in this Way MUStyYOr course be miter — 
peeved aa most provable values in the vevent thes peaks 


due sto a spectrum of relaxation times. 
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FIGURE 4.2 


THE TEMPERATURE DEPENDENCE OF a AT THREE 


FREQUENCIES IN@A NICKEL SAMPLE DEFORMED 12% 


rs Sn are KH, 
tr, = “32ma KH, 
fr, = 64.9 KH, 
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FIGURE 4.3 


TEMPERATURE DEPENDENCE OF THE RESONANT FREQUENCY 


vs FOR THREE NORMAL MODES STUDIBD IN FIGURE 4.2. 
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ine data required to determine the activation 
energy son the PS peak arexsummarized in table 1. The 
We VGSy eaihitchansmenn cae were determined from the intersection 
of the axes of the peaks and the experimental curves 
(Bomdeni vet al, 1959). These axes are illustrated in 
figure 4.2 by the dashed lines. The error given is an 
estimate based on the precision with which the intersection 
Poin could be determined and the accuracy of the tempera— 
tUresmessurement (given dn Chapter ;3). Figure 4.4 is la 
graph of k gn f versus Tie and Ute result is aestraient 
line in agreement with equation (2.14). The activation 
News (ase jual poe une slope Or ghis Line and has a 
Vel VicwwOm Une 5 tO), O28 eVn) Une ~eirom piyen 1s determined rrom 
tiewee. meaved) Crrors in Tn Pave wii aca wke Sin eard Scanno. De 
Covswoee Cpa De Oluive oF ice InlGine relaxation time on 


BomoOuUn com Fe 1ivereepe and Ls wiven by: 
ROT oe SEM ASE © (ARI) 


pince DVO ,ouller determination of W and T. have been Teporved: 
SeCOmMoar Vs Ol ws) NOL DOSsible. sine values sor ie reported Dy 
SOmmMerweahiGmoecNers = POL 50 KH, Vibrations, sc moweyers fade. 
across the line drawn in figure 4.4. 

WavhetnewaculLvacion energy i Wevermincde to now 
Dossipiletro examine the peak Por the presence of a Spectrum 


OG elaxat ions times. § Vlbis us. done by assuming the validity 
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FIGURE 4.4 


ACTEVADION EBNERGY FLOT BORS THE Pi PEAK IN NICKEL 


OR =r Bese ouuly 


9 —- Sommer and Beshers (1966) 
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Of Re waseumpUrona made for equation (2.44) and compar-— 
ing raseraoh .oT ants Versus X Witney the curves in 

Oyeures 2.2.) Ihase comparison is illustrated in figure 
UNovand'it ic obvious that the experimental curve (circles) 
Pence wrderschan the prediction for a singie relaxation 
Pie mpvocess. ne woehavior, as stated in Chapter 2; can 
Demexplaimed Dyetnhe presence of a spectrum of relexation 
Lames. ne normal procedure in this event would be* to fit 
Yeemexperimenval Curve, LO,agciurve Similar to those in 
wet emiiiOorder C(O Cevernine tie halt width @ for the 
SlecUtU.. ito would now De valid an this case because 

eee Pee cial Curve COCs MlOUsave Lie required. Symmevry. 
Ties unecLon f5(x,8) Toa Cvem meron Ol. vie, VvVariaple x 
(equation (2.24)), and therefore should be symmetric about 
x=0. The experimental curve illustrated in figure 4.5 does 
ROcmiaVomeliioecyiniecltry ss) Ene Vow vemperature side of the 
Gem Gears URIS osiehiticantiy broader vhanl the igh evempera— 
bure side. 

Vibes cyiievucy COULGdsarise [rom three diiteren. 
Couses eee the mosey Obvious Consideration would be whe subsi— 
diary peak Ps Which mights contribuve vo the damping oneine 
tow Gemperature Side. This contribution however should be 
heme bes arTice Py OCCUR sea 0. FOO MoWwld temperature(x ~ Tse) 
Gowatrect thewaata iMlustrated in figure 4.45) Another 
DOceibilicy is what the relaxation Strength. (vhus a 


decreases with increasing temperature. This would render 
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FIGURE 4.5 


THE DEPENDENCE OF q7*/Q"* (CIRCLES) ON X FOR THE PS 


PEA IN SNICKEL COMPARED With THE PREDICTION FOR A 


PROCBoo WLTH A SINGLE RELAXATION, TIME (DASHED I LAINE ) 
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equacvion (2.33) invalid; however this possibility is easily 
discounted by the behavior in figure 4.2 where ame is 

Speowne vO increase With temperature. The third possibility 
ProomV lone ve Narcure Of the relaxatdon time spectrum. If 

ie owes Owunatstne peak 1S due to a continuous spectrum 
then it can be analysed using the treatment given in Chapter 
Boe evneccee vermis, Une “asymmetry can be accounted for by 

em DeCULrUMeayIGUl 8 Which «ls an increasing function of nes. 
somone. ces exDeCled behavior in Une case of an 
(oehvaiLoOmseVerey SoecUrumM. — Ihe sincrease in is with tem- 


Peracure, iat 1s found an figure 4.2; is consistent with 


“Ucn aspect rum, it 1s known from equation (2.31) that: 


= eeu 
Oe = Bo ebabanet 5) 


and since f,(0;8) 1s 4 decreasing function of 6 then aa! 
Mitieiticreas>c With lin wvnesevenl olsrair acca vation: enerry 
SUceLCUle s Le above Glscussi0n leads "to the conclusion 

that €ach experimental point in figure 4.5 lies on a curve 
Cierneen De Miah eure we. 2 snOweVverPeche Valuc Joie (Betorecach 
DOmIt ts Olt mereny 9 Livi aS assumed stnat GhercOrr eric 
bo equatiom G2%3)3) Sarisime from the temperature dependence 
of £,(0,B) are negligible then 8 may be determined by inter- 
OoOlauion,of yohe tabulated wailues of; f,(x,8)/f5(0,8) given 

by Berry and Nowick (1961). The method can be supplemented 


Dye Oly wee cia Gor (Pao elo 6 when. 1s value iis. barger 


Pa wth levers 
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thave (, tne Maximum value Listed in the tables. The results 
Of Tole analysis for two frequencies are illustrated in 
figure 4.6 in the form of 8 versus p+. It is seen that B 
inereases with a lone straigh. line and that. the 
Meslive appear to be independent of frequency. it should 
be pointed Pourec hart bynconsiderine*these-resudtseas anfirst 
Orderseppreoximabaon, tTosBkvs Te end 20plyane the corrections 
required for the resulting temperature dependence of f£,(0;,8), 
emcee tCaveOrP ene analyses 2ave essentially the same sctraicht 
Piece fey aie of BeceLvermined from the width of the peak 
See romc ree mr reduencrese lo Included in the diagram for 
Comparison. 

The analysis in figure 4.6 indicates that the shape 
Cimec oe peak 2s CONsSi1steny wath the temperature—-dependent 
spectra =of equation (2.30). The intercept and the slope 
See tew i tea vicla Che hale width et tie gam ting relexation 
mimeraldwaculVvVatLoOn energy spectra respecvivyely. dive 


mumeracad, values are payven by: 


and (U2) 
07056 0eV, 


Bw 
The deviations from the straight line which occur at Tesi 
apevuuer to Ghe presence O1athe subsidiary speak Ps and are 


not considered to be part of the spectrum) of Pi: It. as 


also important to recall that equation (2.30) was derived 
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with the assumption that By and By were not linearly’ inde- 
pengent) ofroneienothners 

ThRemprecedinegsdiscussionehas beent based onthe 
measurement wor the PS peek an alcanpletdecleomedaler ait 
iS of interest to know whether the results are dependent 
on the amount of cold working or on other parameters such 
aomampuUrity content. orRecalling’ the measurements illustrated 
iil iecer sh aariwastround) phat ee and the peak tempera— 
Ure see Miereascowwithetheramounteof cold working, “This 
Sie Ce Was, OtserveduLossaturatemorveathe. larger l deformations. 
PMeroepoCsit ecu bpehavior) wasiobserved when Thersample was 
annealed, i.e. ene and T, decreased. Due to the limited 
Peequetey. cCanveritiwasenourpossiplerto determine whether or 
mey @ncachances tin ae WereBassociaved witha Change unuthe 
iii cinerea tat MOn eV IMeROremneiune echivariion energy: eethe 
Con? a UieacoiIVyaldOl Cmereynwn banys Werer too vsmaiIM® to, be 
Perpeeteceancevhererorei shall bem@nemiected@inethe analysis 
that rollows. 

The epfects-ot—eold=workime on the-shape of phe peak 
Wereralso Svuudued.  Hor™small derormavions such as, curve 2 
and Brim figure ALE the peak 1s nou developed enoucnwuo 
DPerLorm an analvels*Samilar=to Unab Othe tigre 5 o.. ellie 
errors 17 estimating che Dackeroundgwouldr pes boo, Maree to 
Make the analysis meaningiul. The strucvure Observed on 


the Py peak ii CURVE Bb Mould 2lSOPinverhere Wath vais 


= igri: yfvracal ior stew Me bis ae ta pot 


HGeaq. Sie to 2 eit ate B68 2 4 = Det sis) étostte ot? i 
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alolyeie, lb le noveworthy that the Ps peak was. Tound) to 
be poorly formed for several ‘samples which were deformed 
Vag ee x Ma be eed Or Curve 8, Mis could thus appear 
pon cree COr vente teature of the curve. Hor Jarger amounts 
Oiecele worl, tne peak was well defined and smooch. 

The analysis of figure 4.6 was repeated on the 
same sample (12% deformation) after an annealing treatment 
at 200°C for 10 minutes. This was followed lene Pele SB bce See 
25% deformation and another analysis of 8 versus pol In 
figure 4.7, the results are compared with the 12% case 
mepmeseiued OMnuiousOurd elige. Theresappears tombe arrio 
SUenudihteane ChaauGegsir the Sspecurum parameter 6, at least 
DO nes oe lar cere siiOunbem Om COLdawork., Theasame result 
was obtained with another sample cold worked to 15% and 
Pie tmeaveCraolT ta ca lbhy cCharsed Wink hyarozen. Whe erfect 
Cie se noOlvecdumyaorocenewas sound to De Similar ~Lo thav of 
aie eee mocap lew ine a lowering or sboun T and oie 


ii) The subsidiary peak P. 
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VOwSseparace 2y Irom the general Léemperature dependence of 


Smee Ties Seas Ly edone by calcula tine tie .COonurmoUtaen 


to ae acto We SL rOnwiesma in Deak Pe ands suucuracualoesiy 


ik 


froMmeunewLougd.) Canplig. Tn tac Lenperavure wanee near Ps» 


UMee COMeeUDiLE Lon, from PS Wise eel Vens py Une las yup vOmLC 


yy a 





















» 4 
a 
Uy 


‘ 


od hve’ een 42oq 1) BNe Shite yeti wows Scat ‘al oR ° ot 
| id, 


. eo 

esirroleh etin dotdw =e igaee arya #o% bem? eLrooy. * 
oo 

Y 2 ayy ut as @E yicdemaxosgds Py 


qg0a08 Burit bigoco 3-1 : 
¥ . 
: : 
afaven® tuts oa savage add Tp etetpei fnislugmt an od a _ 


: a 
sidoen rs bont’st 41en ean Aesy e&s . tow bioo 36 1 


r .aodate Of to 7008 wie 
vinnw “elttona bie notiemnoIbiags 
>it ithiw borsyaieo. 49s Luaos wid .\.* omgaa” 
on sd 9d eu 1 gett titoa mte-.gd bevasesitgg 
pow as (8% ery nwadtaSsde omit nl man Bute tnapliingts: 
‘Tus wise -9 «3 y oloo Lo e3quede teguel ssoht aaa 
frei =. j ; ‘os fon’ id 3i3 tatw bentsI2d6 ‘saw, 
foett. ge snancebil moieohennaite ¢iiaeisyulortoeye iii 
7 ts0ay < elimte-wa ?) Derg: ra Romy bovioselb to. a, 
k= se fT aged YO gofeawel « +2.) . etqees etd gm iaeiee : 


7". > 
1 d#esa yaeibiwdes aft (22 - 


ae oe Fy ror 





(Asser pz -: a. Haets Siviangts AT vbwce OF asbio at , 






Te eel svidioegtad, Serves ode mead 22 ovsneqne 


may? Se (a snob, yhtymeont al o ~ 


ms 


1 Riese Paine rn aca 7" 


FIGURE 4.7 


COMPARISON OF 8B VERSUS Dan FOR THE PL PEAK AFTER 


VARIOUS TREATMENTS OF A NICKEL SAMPLE 


Treatment 


Teeeto nation 157x1072 
(figure 4.6) 
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form of f,(x,8), that is, equation (2.26). The tempera- 
Pumesdependence of is determined from figure 4.6, by 
extrapolation of the straight line to low temperatures. 
ire Py peak has been subtracted feomepice Thivee curves 

Wer evres | en in ons way and the wemainder is Plus vra— 
ted in figure 4.8. The result can only be considered as 
approximate since the relatively small errors in deter- 
minane the Ps peak become important when compared to the 
heient of the Py beat.) Iveshould aiso pe smocved That. ghe 
Dackground cCamoing is etfaboug whe same magnitude as the 
Heienu Of. the Py Hea tweand jhis con lripuvess considerably 
Coma mumeCcizradhbys | FOr Dnese reasons complete analysis, 


Se oO ula Cones for P Cannery Dew Carried, OuL 5 


i 
MONeVerm ly despOsclole ToOmestimate some of the primary 
Pestureos ol une Trelaxacvion irom the summery an table D1. 
ice requencye cepencence: of Te the temperature: or 
maximum damping, is illustrated in figure 4.9. The slope 
Shecrer tine indicaLes oan activation enercyiof 0. 14020.065 
SVeEror uiic relaxation. | The anvercepy as oven py 
gn es —-5. IG is noteworthy that, although the activa— 
DLOVeciere ye Ot Ulie Ps peale isvsmaller “then whaveor ae 
the limiting relaxation times are approximately ther same. 
The width ot the peak indicates that thespeak We cdue Go 
A Sopecorum OL relaxation times... By assuming that. tne 


Gauceiam Gistribuvlon, canebe used 0 describe: thissspectrum 


and then comparing with eG) iy si Leure 2.35) 10 was found 
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FIGURE 4.8 


PEAK IN NICKEL DEFORMED 12%. THE CURVES 





CORRESPOND TO THREE FREQUENCIES AS IN FIGURE 4.2, 
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BCERIVATION ENERGY BLOP POR THER PEAK IN 


NICKEL INDICATING: 


Wes 0 PA0F 020257 eV 
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that 68 is approximately 7 at temperatures near T (60-65°K). 
The temperature dependence of 8, as mentioned earlier, 
Couldrnot be determined. An investigation! of the’ depen 
dence. of ety and Ton the amount of cold working, anneal- 
ing treatments and hydrogen charging showed that Ps iS 
Somer’ to - LnWeEnhesenresvpeces), 

As mentioned earlier, Berry (1962) identified the 
Po Deakewivh the BordcnivpeakVin coppervbub this*inter-— 
pretation has been disputed by Sommer and Beshers (1966) 
who interpreted a peak (P23) observed near 250°K (30 kH,) 
So eae Borconi peakw, Imeview ror ehniss VL ewouldybevunwise 


BOMSEGeMC Ema COMmparison between’ copper .and naickelowithous 


1ie2e WiEOocmialtvomnOon Lie Pre peak 


3 


iim) Tne PS relaxavion peak 


p 
It has been shown in figure 4.1 that the temperature 

depencedce of oe (Omecelata Vy ely pure sColLiswWworked sia ckel 

Coes NOme hibit bie P, peak ~ueported sbyssommer and Besners 

(Foube moved Sh)... lt was therefore necessary co pdevenmmine 

WotbeCOndLL On Was, PeGuilred In the me val (in sernden to 

observe it. The samples, on which the SB measurements 

were made, were reported to contain 5 ppm dissolved hydrogen. 

Mais sect Lon will present experimental results which ainda — 


@2te chat the PP. peak 15 not observed im vbe.cold worked 
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Stavemanone bub wequimes the presence son us nydnogen. 
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The sample “Wecdrin the study was disk shaped and 
deformed to 6, reduction in thickness by Swaging. An 
electrolytic charging technique (Haywood, 1969) was then 
used to introduced Ho Quo svne metal isin ea) Os TN 
solution of H5SO0) as electrolyte. "The temperature de- 
pendence of ce Wes measured benore the charging process 
enGwat several ‘stages during the charging. The results 
eremiIivetrated in Pigure 4.10. In curve A at is seen 
that the temperature dependence of ae betore enarcing mas 
typical of the behavior shown in figure 4.1. The effects 
OnetChemrarsy chareotniohareNshoun bytcurvecs. LOBoth the PL 
and Py Deets Were Considerably reduced, as mentioned earlier: 
Tei wos accompanicd byMvheeappearance of a third peak near 
e20°K. PiecurVveeo eWole ll ewas INeasUredmal ter a second 


une P= and Pa relaxations @re almost 


ae EL Z 


ComoveLely quencked>y whiterthernewrpeakPriaseincreased vo 


charging with H 


Senet ehe comparable with the P. peak in the pure material: 


il 
Pose niew eek Can be Identified witm one P3 peak 
Pepc reds by -ob48since 1) OCCUrs Within the, expected sven 
peravure ranee for the measuring frequency (16 kH,). iris) 
Gerdcr sto, Veriry Gare! @aentaricat Lone fa sou yeeon eulemertie can 
Of Various -anounts of cold working..on H,-charged nickel 
Was) cCarcisdsouct. “The results: are summarizedsin fogcure 
Tlie lthese results cemonstrabe that tne felch eomeciic 


peak Ae initially increases with the amount of cold 


working (curves A and B). The PS and P, relaxation peaks, 
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CURVE IN COLD WORKED NICKEL (FREQUENCY 16 KH). 
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FIGURE 4.11 


THE EFFECT OF INCREASING COLD WORK ON THE 


P. PEAK IN NICKEL (f 220 kH, ) 
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under these conditions, are very small compared to the 
high temperature peak. When the amount of deformation 
Mearchne sel, securveuC): tite We.seen: thate the wadue.of a 
for the third peak has dropped considerably and the Ps 
and P, peaks dominate the Pins versus T curve. These 
aoriipius, one in agreement with those reported by SB for 

Lie P3 peak. As shown in figure 4.11, the temperature 

a of tehe H,-induced peakwcecresseswityn saicreasing 

emiounim Of Coldmwork.) This eis wadiso Gin agreement, with, the 
SoTOUsSer Va Ons con; bhe Pa peakw *hepabove, poimts.momongly 


Simonet Uhemrdient ipicatd onwot the.sP ti peal with the shydrogen— 


3 
nmnidiiceds Pealgrovserv edi mere. 

An Jane bys tseso. pice Pa relax ationmipeak jsamider to 
Ppiaiencarr red touts it orywoie 7 peaks wouldynot be wractical 
bomccevieral’ reasons 4 )/An accurate waliue of phe reactivation 
enerzyecould not be obtained although a consolidation of 
Cie mresies .rom Loe ob SLudy, Une measurement Dy, Berry 
(1962) and the present work indicate that the activation 
Sgerey ies Jdarcer than the PS activation energy sand, Olecne 
order of 0.5 eV. No reasonable estimate cousdppermade. of 
elie alkanislabyea ayes relaxation Pee. 

Due, to the uncertainty in tne: ackivalionvenercy 
of P25 an analysis Of she spectrum Olgrelaxationmeames 
igsimpossible. Thissdifiiculty ts pcompounded by the 
Se ee hi ane REED particularly qgonisehe plow cempera— 


Ph Cees, ae THiS se bructure. indicates tia suner peak 
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may be formed by two or more overlapping peaks which 
cannoL be takenrinto:accountsin theranalysdis.e-Theswidth 
of tie peak does indicate the-presence of a spectrum) of 
FelaxoplOnetameseand the SB results \indicatesthatathe 
width of this spectrum increases markedly with cold 
working. 

LieltS e¢learpeatLhat the P3 peak im nickel requires 
bethatheypresence +of Hy and cold working to be observed. 
ibieius Lagmarked contrastabe bothethe Ps peakvandaiine 
bordont tpeaikein copperewhich arethinderedtby impurities 
GC acwel by 1-955 )..8 ¢The -SBeidentification of ithe P. peak 
Whe tole FoOordoniere Laxauion imechanism is eprobably ein- 
gorresh}. ~ iEhe P2 peakemore @hoselyeresenbMespene ehydragen— 


eold-work peaks_observed-+in tantalum and niobium by 


Mano hen Zand HuovieaGhiG69),» ebSee Section Grofhthie «Chapter. ) 


in aC COLL working and magnetic damping 


TheveonpLetion Of thas experimental study on sound 
aveororlon an cold worked nickel will consist of a Jimiived 
Geiss On Ol Magnetic damping. The Jarce yolume ol vock 
done on the effect of cold work on magnetic damping, has 
been reviewed by Bratina (1966). A detailed study of the 
many phenomena observed would be a very large undertaking; 
thus discussion will therefore be restricted to a cangéic 
effect observed in nickel during the course of this work 


which has not been reported in the literature. © 
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ivewas Dolnmtedvout for fisure 01 that in the 
region of 5% deformation, the temperature dependence 
or an Showed an anomalous rise below 50°K. Although 
ieee DOtevyicible in tigure 4.1 at 12% déformation, this 
HoOWwevemperature Camping effect is in fact present; An 
examination of figure 4.8 shows that the background damp- 
ing on une low temperature side ofthe Py peak is con- 
eruerabiy larger than on the high temperature side. It 
dicee lsOnceen that this effect increases with frequency. 

im vorder tomdetermine if this damping effect was 
Causea by the Melion of imegenetac Bomatnnwadiis-ianythe 
Salip le , a4 Wasemeasured Witiea i ekOes magnetic. field 
Sopeeadea lone the plane oF Une disk shaped sample. 10 
Poecilecar that ie the magnetically saturated state, this 
type Of dampmig shouldgnob,cecunmbecauseyot Une absence 
CmecCtenn walls: . These measurement seere Tilustrated in 
fseg0ure 4.22 in the form of ane Vs vemperavure Jihine 
magnetized and unmagnetized states. Whe difference between 
these two measurements, which is illustrated by the heavy 
line. 1s aGcributed tO magnetic Camping.) ine increascr i 
thie dancing av low vemperatures appears LO sper pre cng 
only at intermediate levels of cold work (37910 q27)0 
Dagon ete COULd mouse resolved from the gv versus T 
Curve of annealed orpsheavily cold worked jsampies<)) This 
Leeconsisvent with the measurements reported by Truell et 


Bim o60) for-annéeslednackel,, in which whe masnevic 
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FIGURE 4212 


THE BPFECT OF MAGNETIC SATURATION ON e AT 








LOW TEMPERATURES IN LIGHTLY COLD WORKED NICKEL. 
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damping was at a minimum and essentially constant below 
LOOK, 


inyene wourse Of this work, measurements of oo 


versus temperature were made on a nickel sample obtained 
MeCmMmeMe se RoCck Useo Dy Schiller (1955) an his investiga— 
ton of magnetic damping at room temperature. The results 
of the measurements on this sample in the "as received" 
Condiuvon are illustrated in figure 4.13. The low tem-— 
Pevavure Maznetic damping was clearly visible in this case 
because On grperabsence onthe Pl and P, peaks. The mechani — 
CoO Wom Onno lems OMrtCe gO) BU euemarern 2 bVOould not be 
CemernineG ss NOwever aneelecuron microprobe analysis 
imdeeaved that 10 combained aporoximmnately 0.1% impurity. 
Tmemsample was probably in a cold worked state Since anneal- 
ieee vacuo Drought “the q7* Vor Mecuryvemincvo ling wath the 
Cesu pomin one pure annealed Samples = §le should be noted 
wemuMese resulis verify the frequency dependence, “interred 
from figure 4.12. The magnetic field dépendence of as 

Woes measured in the Schiller sample at I - a) These 

results are presented in figure 4.14 and it is seen that 

the low temperature effect 16 Considerably meduceuray telds 
comparable to the saturation field ofvnickel. ) ine resenans 


frequency of the sample is also illustraved showing the 


efrecte of the magnetic damping On bie selastsc compliance. 
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FIGURE 4.13 


TEMPERATURE DEPENDENCE OF ee IN A 


NICKEL SAMPLE USED 


BY SCHILLER (1955) 
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FIGURE 4.14 


MAGNETIC FIELD DEPENDENCE OF ane AND THE 
RESONANT FREQUENCY BA OF THE SCHILLER SAMPLE 
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The low temperature magnetic damping observed here 
oroee yy recemDles tne so called "plateaw region" in the 
temperature dependence of on. in aron, witch was! tire: 
observed by Bruner (1959) and Heller (1961). Investiga- 
tions of this plateau have been reported by Vienneau (1968) 
ano yeVverdin and Vienneaw (loos 2) ..' See Section D of 


ComoeCheaover, dealing with magnetic damping in iron.) 


PeenCOUDer 


The peak in the temperature dependence of ajo eke 


Cola worked copper was first observed by Bordoni, (1949, 

1954). Extensive studies of the Bordoni peak have since 
Deew Carried ouv Dy WUmMerous Iiveslieavors. and presently 
Metw~ere ~levic Ol UnNeGse works are available: for example, 


Berdonia Loo), Niblett, (1966). end Truell et al (1060). 





Lice rex OerimenuatLi y (CDSerVed proper tics Ol. Lie 
Peron moecak, 25 Ji Sstedepy, Truce Seu saleare: 

(lt) The peak occurs in both single erystals and 
Comvcry sca lline Specimens, alver Slichurv@lectie Uctomma— 
Cao. 

(A) The helene ct the peak increases pond wunce pea: 
Maslin shirts slightly (oO bigher vempesavures Wit in— 
Cveasine AMmOuUnLS Of Dlasvic ceéformavion, ) Unese el ieccus 
Dende vO LcaLUrabe alco Tew Dercenl soles ti Cait 

(3) The peak Ciseppears pol annealing ay ‘elevated 


temperature. 
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(4) The height and temperature of the peak are 
Pacepvendent of wave amplitude. 

(5) Impurities reduce the height yot tne peak and 
shift it to slightly lower temperatures. 

(6) The main peak is accompanied by a subsidiary 
peak observed at lower temperatures. (called Niblett- 
Wilks peak). 

(7) The peak originates from a thermally activated 
Pela~abvongorocess anc exhibits, in a general way,.an 
exponential, temperature dependence of the relaxation 
PomemaccCoroine TO an sArrvhenius-=vype equation. The, acti— 
vation energy is found to be 0.122 eV with gn Laws -28.5 
(Perdoni er al. 1959). 

Mie se seit aclerislicseare Veryesami lar TO cnose 
SoaeCyeo Lor“ Lhe Py Dea ew teeter ee Nem ot Ly sO rOp.len 
Wieieuae above Comparison Lies wWithethe spectrum of rela— 
pau won ones, lt nas been shown here that thie shape on 
toe Po peak is consistent WLU ee CS OCC URUH RO late la cca bacon 
times the temperature dependence of which indicates that 
iyeomeie result: Of eo ,01 SUP LDU OlMOt ecUlyarvion eter vies 
anc aot eurilbubt boOnwOnes limiting releaxsarion times Lu ewas 
SleOLligacaced, that these two distil Dur ions sare ws 0c 
independent of one another. 

It has long been known that the Bordoni peak 
involves a spectrum of relaxation times (Bordoni et al, 


1950) bud. phe matureyot bias, spectrum as still Gnydispure. 
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Bordoni et al have argued that their experimental results 
wacwmeate the spectrum arises from a distribution of limi- 
ting relaxation times with a single activation energy. 
The argument Used Was Wased ton thetfaecr that *the hobsenved 
Weedon eor the Speak did net ‘vary rstienificantly with T, the 
benperature JOrtmnax imum idamping iseNibbette( 1960) ranabysed 
the sameyset of data in essentially the same’manner and 
sue UMec more vnehopposTVearesult Pea: spectrum cfheactivation 
emercics"withhatsinglé Limiting nélaxationntime.o The 
Heaf,onevor une Vambievouseresult Pies imrtchesfact thatauthe 
Wave Useds was taken fromimanywadiirerent samples with 

Mai OuUS sits vOrTeSsmand Lme, resubmit seayLerainnichetineak 
WeacMeedoes snovvallow anwunambisucustanterpretation:, LAT 
the same time, Thompson and Holmes (1959) observed several 
weet oOL LOND OmITS ain HheaCUuUrve LORPreSsOnant Huequency versus 
wemperavurepror, lightly derormed®coppéerksamples.  sO0Onithis 
DAStoe BReyprepoOsSecdsakhdiscrete spectrum with seven 
Himoereny achlVvaurvony Cneregiles for the Bordoni peak. 
Pxeepu for the Nibletv-Wilks peak, there has been 16 
evidence reported of this in the e- Versus wemperauui-e 
eurve. Caswell (1958), Paré (1960) and more recently 
Hobart (1969) have shown that the Bordoni peak in copper 
Cageoe fluted TO 4a relaxation peak Caused eby a Gaussian 
Gleeri bution of activation energics Jandea cimigie Limivins 
relaxation time. These three studies however do not seem 


a ome wort nuoO- account themeuLvesldiary peak which would 
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Significantly alter the peak shape on the low temperature 
s1Ue) 

In order to resolve the problem, measurements 
were made of the Bordoni peak in copper and the analysis 


weed an the study of the spectrum of the P peak, was 


di 
applied to them. The samples used in the measurements 
were polycrystalline OFHC copper disks which were 
machined from stock obtained from Anaconda American Brass 
Eva. Whe samples were annealed at 700 0c Le VaCuUO me tOie > 
eure oerore Cold working. The cold working was produced 
DveceOss fOlrrine in small svages: 

Taewvenperavure dependence of ae was measured for 
two modes of a copper sample rolled to 25% reduction in 
thickness. These=data are presented in figure 4.15; the 
Bordoni peak appears at approximately 85°K While = the 


Soc totaryepesk, called the Nibletp-wiiks peak, 1s visible 


in the vicinity of 35°K. 


i) The Bordoni peak 

Prom these results, it is seen that the Borden peak 
Hoeaechcrmally activated relaxation peak waine peak wenpera 
ture 1 for each frequency has been compared with tae mea-— 
surements of Bordon? et al (1959). It is found that the 
A@Guivation energy of 0.122 eV deduced by those authors is 
Soplicable to. the sample measured’ here. the vemperatvure 


dependence of the spectrum parameter 8 was deduced just as 


ye 
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FIGURE 4.15 


TEMPERATURE DEPENDENCE OF one FOR TWO MODES OF A 


COPPER SAMPLE DEFORMED 25% 
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it was for the PS Peake in nickel (Section 4). The resuit 
Olevo Ss analysisis tllustrated in figure 4.16: “The 
behavior is seen to be of the form described by equation 
(2.38). The zero intercept of the line drawn through the 
Savamwendicaves tiary the Bordini relaxation effect is 
Cleractera zed Dy a single limiting relaxation time. 

Prom tne slope of the line, the activation energy spec- 


Drum paramnever Was round to be: 


preonO 03 5eeNs CES 


i; aero CeWwOrGnayeL bat bthe Svarbat.1onein Lohe width of he 
Dea temLeoecenperavure, Uproducedtbytan acthivarioneaenercy 
spectrum described by equation (4.9), falls within the 
scatter observed By "Bordomi tet faed1959). It can be con- 
Cimeecd  wnay the activation energy spectrum determined 
Sveven ls, COUSisStentl with most. of the available data on 
Giese Oordoni peak. 

We see, from the inget in figure 4.16, that the 
Peleateaovon spectrum 2S the same Dor a copper sample owed 


to 10% deformation as for the sample with 25% deformacion: 


ii) The Nibletvu-wilks peak 

In order to study the Nibletv-Wiiks peak iv is 
necessary to separate it from the Bordoni peak. ‘fThis 
ean be done in the same way that the Ps peak was separated 


tromegoenP.. peak impnpickel. jalhe result, “of this procedure, 


if 
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HICURES 4, 6 


Demeeravure Cepem@ence Of the specirum wiaGtha 6 deduces 
orom the shape of wee Bordon peak am fictre aS 
Miemcnsei. compares tLAeCeresult Of a simihear gnalysis 
Weivcles)> for 42 sample rolled to 10% deformation, 


Woot coe main curve (solad Kime )s 
@ - IO KH, 


0 = (gies KH, 
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SCapmied out for the two curves in Tiguves 215, (2 presen— 
Bedeimetigure 4.17. The most INLeresting Tearure “Or bis 
Curve 15 that the Niblett-Wilks peak is shown to consist 
Of au least three distinct peaks (indicated by arrows), 
por Which appear to be thermally activated. This is 
the firs’ concrete evidence observed in the on: curve that 
Soanctcdes with the Thompson and Holmes (1959) observations 
Supe wOlecre le spectrum im the resonant frequency versus 
Gemperavure curves. 

Dueorder (Oo Verily that his result was nor linked 
BieoOulcs Wey swith thekparticularastate orecoldtworktan this 
Ssemple, the Niblett-Wilks peak’ wasoseparaved: from the 


total qt 


inpeesecond Bampleswhich® was rol ledetoll07. 

The separated peak is illustrated in figure 4.18 and it 

emer eoer ly sec chau the three peaks are present in tas 
Semiple also. it was pointed out by Paré (19600) that» the 
Sfiape of the total aot curve in the Vieanity of whe Mieler.— 
Wilke peak strongly suggested the presence of two peaks. 
Pemeeotior Also Sugcested Ghat Ghee chanze wii esnape oD 

the curve with different amounts of cold work inditcaved 
what each peak was affected ditterentily bys these treater... 
This suggestion is confirmed here by the fact that the 
relative heights of the three individual peaks at 25% 


deformation (figure 4.1/7) are significantly ditierent than 


for 10% deformation (figure 4.18). 
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FIGURE: U517 


ene Niblett -Wailks §peak Separated gi rom qne Lota l 
a in figure 4.15. The legend is the same as 
Mimo ae precedingwparures. “The ermows indicate 


the individual component peaks. 
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FIGURE 4.18 


The Niblett-Wilks peak for a sample deformed 10%. 


Ene imenmucncy Was approximavely 17 kH,. 
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[MO VteveOrechoutactl that arp Veasuspart of the 
discrete spectrum proposed by Thompson and Holmes (1959) 
bad been observed in the Niblett-Wilks peak, it was 
G@ecided Ghat a closer study of the Bordoni peak might 
Seer ssUMsvanviate their proposal. This study was made 
Pheveryeclightiy cold worked samples since this was the 
eondition in which the Thompson and Holmes measurements 
WeresCerricd out. The graph of fieure ().19) shows the 
Gevyelepment set the Bordoni peak curing» early stages of 
cold working. The sample was aged for approximately twelve 
HOuUtsye@ OOM GemMperalure berOoresecacaymeasurement. There 
Pome oCdmMeyIaence in Bhese measurements that the main 
Bordoni peak (83°K) is accompanied by a smaller peak 
(indicated by arrows) situated in the vicinity of 100°K. 
Diem Deak aplears TOMmMerse With Une main peak for) the 
Pamterceamounvs Of COdd, Working. however 10 18 suriaciently 
removed from the main peak at 14% deformation to make the 
Bordoni peak appear 50% wher thangs at LOZ  derormacion. 

iG may Dei said in slmmary theo tie an versus tem- 
perature curve of cold worked copper exhibits at 1east 
fivyesdietines peaks in the yicinivy of tiie Bordond peak. 
At deformations somewhat greater than 3%, at least two of 
these peaks have merged to form the normally observed 
Bordoni peak. <A detailed study Of this Sordoni peak Das 


Peveaved. Laat LUS) Snape 1s cOnsisventy waitiethar of a 
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FIGURE “4.19 


THE EFFECT OF VARIOUS AMOUNT OF COLD WORKING ON THE 


PHAPE SOR. DAE” BORDONT PHAK IN COPBER 


A = 1% e@eold rol¥ed 
Boe Se 

C - 3% 

D - 10% 
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polexean VO peake charac eri Zed @byvaisingle limiting relaxa= 
tion time and a spectrum of activation energies whose width 
we oven by eqvievion AAs). "ltvhnas*aise BeenvobSserved 

thee ao leastr three? peaks-remain "distinct from the °main 
peak for deformations as large as 25%, and exhibit them- 


Serves ac tie so called Niblett-Wilks peak. 


c. Tantalum 

TimooesCOUrSe (OT Units study, it has been shown that 
PiewslLemoecravure GCependence of Nickel exhibits three pro— 
Wegen@epeaks Which arise from thermally activated relaxation 
DeeCcesses. | One of These peaks was shown cto require the 
PeesenCcenot DOUny cold working @and dissolved hydrogen in 
Secerro we Observed. The other two were round to be 
Meee Wilul. fold, working only. ~The purpose of this section 
Will ebe LO present measurements on tantalum in order to show 
Giapeunise  b,C.C. metal béhaves in a strikingly similar 
meannier. 

Chambers (1966) has reviewed eee the internal 
friction measurements reported for cold worked tantalum. 
tiie ieulo Herve frequency range, Lhe internal Sracvion 
below room temperature is dominated by the so called « - 
peak. It was reported by Chambers and Shultz (1962) that 
Clisupesk is initiated by cold working. lhe neient or 
the peak however is not a monotonically increasing function 


of cold work since the peak can be considerably reduced 
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Dy larger values of plastic deformation. 

The temperature dependence of On in annealed 
tantalum is shown in figure 4.20. These measurements 
Werte made onlpolycrystalline high purity tantalum obtained 
fom the Haynes Stellite Company (Kokomo, Indiana) and 
annealed for six hours in vacuo at 800°C. The peak which 
|Dpe2ls,2n The curve is the Snoeckepeak (Cannelli and 
Verdini, 1966) which indicates the presence of dissolved 
nyverecen inethe: sample (Mazzoleai and Nuovo, 1969). ‘This 
Bowe Oletsrenu with the wet analysis report of the supplier 
woLlenmeundveated 0.00037 Cwt.) Ho in the sample. A similar 
Somp le a0 tne ‘as received" condition €cold rolled) had 
Salercce 7 peak in the a. Vet SUS BCC V Cr asa. OW m4) 
figure 4.21. Further cold working of this sample reduced 
Cieamercht sor the Deak lo=lesseuranvlO0s of Sts anitiel 
wWalue “Verdini and Vrenneau, *P960—p). Similar results 
have been reported for the a peak in niobium and molybdenum 
POnambers, 0900). Whese characteristics are veryucimelar 


to those of the P, peak in nickel and it is now known 


e. 
(Nagzolat and Nuovo, 1969) that the a peak in tantalum 
and niobium require both cold work and hydrogen to be 
vie ple. it would Seem thererore reasonaule Wo mien, 
the g peak in these metals with the P3 Dea ken 1 eiieked. 
Sinee extensive studies have been made of theo peak, 


reference is made to Chambers'(1966) review for its other 


DpEOOeTULes . 
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FIGURE 4.20 
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FIGURE 4.21 


THE. EFFECT OF COLD WORK-.ON ache VERSUS 


TEMPERATURE IN TANTALUM 


O - as received (cold worked unknown 
amount ) 


0 =f additional 7% derormaticn 
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Another interesting feature of the a> versus 
temperature curve is a second peak which occurs at a lower 
Demperature than the hydrogen cold work peak. This peak 
ie leery Vietple (figure 4.21) nce the qo peak has been 
Pecvuced by “large” déformations. The presence ae 
peakewWwas Tirsy reported by Verdini and Vienneau (1968 b) 
Sa Doascanmee Deen confirmed by Mazzolai and Nuovo (1969). 
This new peak will be referred to as the 6-peak in keeping 
with the Mazzolai-Nuovo notation. 

The measurements of ae were Trepeaved Tor two fre 
QUeneciecs alter Tour months of-aging at room temperature 
Plimude preci Ss or tne lower range of temperatures are 
shown in figure 4.22. The 6-peak was slightly reduced in 
VemerL by this; aving treatmene and “Che temperature of the 
Me ermine Leo appeared TO,bDe siightly lowered. The shiny 
iimeune peak temperature with méasuring frequency indicates 
Bnav ne o-peakels a vhermally actavated relaxation process. 
Piperrelaxavion 16 also evident in the vemperavure depen— 
G@ence, or the resonant’ frequency, for eachwmode, as shown an 
figure 4.23. 

The frequency dependence of the peak temperature 
So iilustrated in figure 4.24. The results, of Mazzotar 
and Nuovo are included for comparison. [he two sevs ot 
OfPeresulgs,at first glances sappear to beminconsistent. 


The sample for which the é6-peak was studied by Mazzolai 
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PIGURES.22 


one VERSUS TEMPERATURE IN COLD WORKED TANTALUM 
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AT TWO FREQUENCIES 
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PICURE) 4423 


Pesonanb frequency as a function or temperature 


for the two modes f, and f, (rigures4. 22) The 
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FIGURE 4.24 


ACTIVATION ENERGY PLOT FOR THE 6—PEHAK IN TANTALUM 


O —— this study 


0 — Mazzolai and Nuovo 
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and Nuovo contained too little hydrogen to produce the 
Ge peel ywhiilewthe stentvalumcconsiderédshere «showed ‘2 
detente te-vpeekY M=N have shownmthatninkthe presence 
Or hydrogen, the a-peak is visible and the é-peak is 
shifted to lower temperatures, thus explaining the 
eioference In the results. The slooes observed for the 
iMOmcets.of data in figure 4224 are the same within the 
errors Woich retlect the difficulty of precisely deter— 
minines the values of er at, tnese low vemperatures..) [hus 
Tepiurcvher= complicated by the structure on both the high 
GCemperature and low temperature sides of the peak. This 
meavure Was contirmed by the M-N measurements. The ayer-— 
Seer ta luerot Actaivetilon enerey derived from the. two lines 
cone cure 4 uae 0. 027t0.01. eV Wath tn ae =2oree 

It is easy to show (see figure 4.5 for the a peak 
in nickel) that the §6-peak is wider than can be explained 
bya sane le relaxation ane efpilect.<.AG, Veast (ecu mOu suas 
(uo Emneany De explained by the presence of aU east virec 
Overlapping peaks as mentioned carlier: the VN -Nevesiive 
Shows same structure. There is Of (course 1nsut cic ene 
detail to determine whether the peaks have din Rerens 
Activation energies, or different Limiting melaxatiom tities 
or both. 

It has been shown here that the 6-peak is intro- 


.duced by cold working and the M-N results indicate that 
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D. iron 


Measurements Ofte internal frictienvin iron reported 
Dyerciner (1960 )) and) Heller (1961), have shown that this 
metal behaves anomalously at low temperatures. The 
internal friction was observed to increase as the tem- 
perature was lowered below 100°K and then level off and 
remain constant down to 4.2°K. Details of an anvestigca— 
tion into this phenomenon were reported in the author's 
M.Sc. thesis (Vienneau, 1968) and by Verdini and Vienneau 
(1968 a). These results together with more recent measure- 
Neve mieliNpe presented here an order te compare with the 
LOWe CLempuerabure: magnetic damping, observed.in nickel. 

ive samples Used ne Thas —suudy Were or pDoly— 
Ceyeva line spect rorraphically spandardi zed material 
Opeained from Johnson’, Matthey Ltd. (London, England), 


Goicmanod ysis Or which showed an “impurivy "convent of Less 





than 18 p.p.m. The temperature dependence typically 
Sosecved {for ane iy chnese Samples Qs show ineiaeure 
uve>. These data were taken for the first’ and second 
mode of two samples which were annealed together av 
hoo°c for 6 hours?) ine VAaCuUe¢ = ses neeriad er ric pole es 
seén to increase as the temperature is lowered below 
150°K and .CONntLINUES to dorso Unvaleapproximave Ly BOK 
where itetends to asnear constant Values Sime eriecusas 


Plsor chown, to. be anvincreasing function’ oreirequency 
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FIGURE 4.25 


DEPENDENCE OF Qo ON TEMPERATURE IN IRON 


AT FOUR FREQUENCIES: 
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for the range of the measurements. It should also be 
pointed out that the damping at low temperatures was 
prcdepencdent of stress amplitude for the range of stresges 


-10 8 


Covered C. 10 to 10 9 


). The mounting technique did 
noc- permit measurements at larger stress amplitudes 
because Ot Daecksround vibrations set up in?’the voins. 

The frequency dependence of the effect is’ illas— 
trated in figure 4.26 for several temperatures. At high 
CenperaLures a increases with wrequency while at gaow 
temperactirées it Appears CoO saturate at the highest 
frequencies. 

Miececlreca Ol anmealane Greatments On viismaintvernad 
Pricuilensohenonenon 18 shown in figure 4.27. @1n the 
Dec eocol worked samp leas 16 seceuavhat. the anverital 
Peer Lote du room Cemperabure is; comparable to chav im 
Sroinory metals.  lts value increases whowever, aseuhe 
temperature is lowered. This low temperature increase 
becomes more prominent as thersample is annealed.» A 
siigho inerease of the CTcoommtemperature valuietis alse 
Dove. we Nien une sample was annealed at Toa C (presumably 
SUL trcreny mor recrystallivact Lon .ien oe. ar, LOO %e)e the 
entire shave of the curve was ichaaped. “A Jarge. increase 
aya ane was observed at room temperature accompanied by 
the disappearance of the low temperature anomaly. When 


the recrystallized sample was slightly cold worked the 
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FIGURE 4.26 


THE FREQUENCY DEPENDENCE OF THE ANOMALOUS 
INTERNAL FRICTION IN IRON AT LOW TEMPERA- 
TURES. A BACKGROUND EXTRAPOLATED FROM 

ROOM TEMPERATURE HAS BEEN SUBTRACTED FROM 
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FICGURE@4 27 


THES INTERNAL PRICTION IN 2RON AT LOW 
TEMPERATURES AFTER VARIOUS ANNEALING 


TREATMENTS. (FREQUENCY ~ 140 a) 


@=— As received (cold rolled unknown amount) 
0 2= Annealed 6 hours at 300°C in vacuo 
@ — Annealed 6 hours at 400°C in vacuo 
6 — Annealed 6 hours at 550°C in vacuo 
@ — Annealed 12 hours at 750°C Lil Vacue 


(recrystallization) 
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anomalous behavior returned. This feature is subs-— 
tantiated by measurements reported by Gibala (1967) 

in his study of the hydrogen-Snoek peak in iron. There 
Wasenowever no Giscussion of the effect in Gibala'ts 
paper. 

Dice vec’, Of8an epplied marnetic field on 4 sold 
worked sample of iron was investigated. The sample was 
iste rorw Of "a Dar “Ssduare cross section) and both 
extensional and torsional modes could be studied (see 
Chapver 3). Whe praph in figure 4.28 illustrates the 
Maciewlc lela dependence OT a at 4.2°K and ee The 
SoOceias Cemarnel1 Zed prior lo each wun. The relatively 
large damping at 4.2°K is seen to be a monotonically 
eC res ee mouneten Of applicd@ ticle) At aieh aiields 
Pomoporoacnes- the value or ae aba OOM uemMperalbUre.s. lire 
Peeeosy pary Of the reduction invdamping coincides wich 
Masten eensaburavlon or the ianple. 7 its occurrence at 
Pogaece natn Tlelds sea cei beculon of the darce Wecmarme— 
tization coefficient of the sample (see B-H curve in the 
ieeu).. he ae VeesU Sand eur Ganc Vile & LS. Signi ca nly 
different from that. at 4.2°K. It has a maximum that occurs 
hear whe onset of Savuravion. © [his as typical Ole Ene 
measurements made at room temperature in cold worked iron 
while the Ly Pig eurve 1S Similer to Uhose measured in 


annealed iron at room temperature (Bratina, 1966). 
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PLGURES A e6 


MAGNETIC FIELD DEPENDENCE OF ae FOR THE 


EXTENSIONAL MODES OF A BAR-SHAPED IRON SAMPLE. 


e532 
jp ot Mek i 
Ole 105 1c 
Z 
O lea 
T= 77°K @ — 52 kH, 


tWhesinsetyshows the B-h curve ter this Sample 


li@ecoom Tenperatvure. 


af : : ; : 





oyvisd Goel OLTAMOAM 


H tis bad i ’ raiea Ad aa | bled TAA 











os 
(oa 


96 


While the ne versus temperature curve for tor- 
Silonal vibrations in this sample was similar to those for 
the extensional modes and for flexural modes of disks 
(figure 4.25), the effect of a magnetic field was some- 
Woeveiiiferent. The graph in fisure 4.29 shows that an 
abe cases ae goes through a2 maximum as a function of 
HeenetaG Tield., What is ante Striking about this behavior 
ieytheat the maximum value of an and vine. field si. when 
Meeoccurs is the came im ali cases. in soite of the 
Hearee  dirrerences “in-the “zero-field values of onae 

Phe rmeaximum= ia tre Seurve "or a versus Mapnetic 
fect Cold worked samples ise complicating factor; 
Pemeworecie general behavior As that the low temperature 
Pivot ei richiloneericcu Laat nas Beene oluserved ineiron 
Pomooeenu av picids larger @thaneviemsaturation freid. 
aioe ot) Aandicacion that the *magnevacedomain walls re 
myo ved in the errect. The Pact (that well annealed 
poole s GO Not exhibit thes anomalous effect 5 an inercariog 
Boer internal stresses (perhaps dislocations) silseo playa 
robewin this internal friction. On the whole. thew esusiis 
are very similar to theveffect observed ini coldey on ced 
Mmiekel (Section A of this Chapter). 

It was shown in the author's M.Sc. thesis (Vienneau 
7o60) that the increase in the) internaleti ot ona ion 
temperatures can be expressed in terms of electrical con- 


Gictivity of the tron. This is illustrated in figure 4.30 
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FIGURE 4.29 





THE MAGNETIC FIELD DEPENDENCE OF er FOR THE 


TORSIONAL MODES OF A BAR-SHAPED IRON SAMPLE. 


© — 60 kH, 
me yolk 
= si) art 
© —— 60FiEn 
Z 
Te 07 OK 


OF — 50 KH, 


ne 





® OPTAVPAM SHE 
ca 
ied GIS 


OM. JAMO DEROP 
S02 








H (kOe) 





FIGURE 4.30 


NORMALIZED FREQUENCY DEPENDENCE OF THE LOW 
TEMPERATURE INTERNAL FRICTION IN TRON. ‘THE 
SUGID TINE GE PRESENTS THE DISLOCATION INTERNAL 


Pree TiOn THEORY OF VOEN ET AL (1960). 
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where aa De sO lOrved e2eainst the vibration frequency 
yVermali zed by Wy a temperature dependent parameter. 
[pe wsclid line in the diaeram represents the theroetical 
Piredict1en for internal friction arising from overdamped 
Cie OcatLOon moLlon as treated by Oen €t a1 (1960). This 
Uieory can pe locked at as a relaxation process with @ 
most orobable relaxation time Te ee: wo ie seecvared 
sCecrrum of relaxation times was accounted for numerical ly 
Dy Cer er al. The parameter Wo Pomire Vere yO, Vie iaine, moma 
POReCe mii Clunmcauce, thes dalping yor the dislocation, “The 
Cemee tegime soe end ence s0m Wo ISVS ie ws rel ah ale™ Vibikie. Galyg' 
mi eute Oe son tats ors ed scm PR UEOS a ae sod acl ane 
nome set eee eC Ge ColeCondueravyiLy Our be sanip le 
Gerived from tie=results of Whate and Woods € 1959) using 
Pee eal resishavicy of 0.205 10s-cm. 

itewes Concluded Meron these results that tniewano— 
Mowe wei cerna si tict Lon snl iron was) caused Dy tiesmotson 
Cero OCeuLOlSs Glau. were Camped by wine Conduction 
ewecurons 19 the ivon. Mason (1960) has preposedsumau 
Caowmogton Of dislocations i Nnometals ws tdampeds bys une 
Somducuton electrons throveh their Mnteracu lone yin wae 
Sprain reid surrounding the dislocations Waseem serneorw,, 
combined with the Oen et al model was able to account 
G@uelitatively for the results ,, however {hCre swace er Ose 


disagreement between theory and experiment on the magnitude 
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FIGURE 4. 3) 


TEMPERATURE DEPENDENCE OF THE NORMALIZING 


FREQUENCY Wo: Ti beoO Le De LT Nia S. Vi 





BLBOERECAL CONDUCTIVITY OF SU7E. SAMPLES ATER 


WHITH AND WOODS (C1959 ) USING p= O22 63 em. 
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Gr Wo: Tie fallure lon tne dislocation model) to explain 
Wo does not however invalidate the experimental results 
onetieures 4.30 and 4.31. Since it has been postulated 
Hete tiat the ianvernal friction arises from domain wall 
MOrlon, Io should be possible to associate Wy With tois 
Syeen Ole tiverna) Griction. 

tte -eiiee: Of annealing tTrestments om the curve 
Peers 1 30 Wales investigated... The @raph of fasure 4.52 
SON Oem ivernal iricrion da tron plovved aca net. wy 6 
Doe tomOuicercC ee Lectura I ree rotayvity.. “Ine Incresasouin 
are Mito ennealing that was noted In T1igure 4.2/ 1s reflected 
in this curve. The value of w/p at which On. begins to 
PevemwOnmesecens MOWeVer vo be vrelanively Aansensieiye vo 
aninewinne, 8 ln Le convex: Olethe preceding discussion, 
wee Vvalue OL Wo does not seem to be sensitive to annealing 
wreasmments.  lumMas also been Pound What y irradiation 
Moc cmicueclcer toe inverial Wii cCUMOn ehlech.) Sim ieure 
Paooeec ne, temperature dependence of a is plOUvLed eeatust 
temperature for measurements made before and after the 
sample received 40 Mr of 1.3 MeV Y-radiation. Both of 
these results favor the magnetic damping interpretation 
Over the dislocapion model since the Genseuv eivca  culevien 


Pocteaves that Wo should be altered by annealing and that 


the damping should be reduced by y irradiation. 
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WAGURE 4.32 


VERSUS w/p FOR VARIOUS ANNEALING TREATMENTS. 


ie 300 -C 
pos 0-0 : Gor 6) hours 


c - 550°C 
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FIGURE 4.33 


THE TEMPERATURE DEPENDENCE OF Qi AFTER 


y IRRADIATION. 


DOSAGE: 40, Mr AD We5 Mev. 
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Joe Dee relaxation peaks 

It has been shown in the experiments done here 
(Chapter 4, A) that cold worked nickel exhibits three 
relaxation peaks which have been called P 


Peeve tee 


is ae 3 

lane: PS and Ps peaks were shown to be present in relatively 
pure material while the P2 peak required the presence of 
hydrogen to be observed. Measurements of similar peaks 

in copper and tantalum have also been presented for 
eomparison purposes. We will first examine the Ps and Po 


Deeteg oa Uneir relation To trelaxations in, otner metals. 


i) The Bordoni peaks 

Wiese <per!menval crest os mrTOre Uc ay and Py peaks 
heaves SOW Cialr tirey are = causeds by cold" work. " We have 
aso oeeh that trey are indered) bys tie presence™= or an 
LiMote IG y et Le avOrocen. == le sew bl aime m= DicOMore C Los™ le mi etry 
Par srO= UNOSe Ol UNE bOrdoni-~redexavwvon peer anecopper 
(Chapter 4, B). We will now make a detailed comparison 
between the Ps > Py system an’ nickel@and? thet pordoni= peak 
with its subsidiary (Niblett-Wilks peak) to show that these 
Gwen scyevems can be Ldenritiecd wits one aroiner. § es comn— 
Porison willbe made one the» basis of @xperimenval results. 


LS) We' nave’ previously Poinved™ ouv* tiers one! Paepeakeun 


a 
hickel Ws produced by’ cold- working an a manner similar to 
thay oF the Bordon peak.“ ine neighys of both the Pa peak 


and the Bordoni peak increase monotonically with cold work. 
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This effeet has been shown to saturate tor the Bordon 


Peak=in™ coppers (Caswell 1958), “Phe results for’ the Py 





peak in@nickel* (figure #1) are in agreement with this 

tT thet *ene increase in Qi’ inbeoine from 57eto lov des 
POrmavilon Ts "much less “marked than” in”coitne from 1%" to 57° 
pesecond Merrect observed by Caswell, Heo Chav wie mMaxkinum 


Of yhe* Bordon peak "shifts "te siligntly higher temperatures 


Toute NCrPCesctmnewcolarwork=. Vhis ve alee the case for the 
P, peak as shown in figure Hs 

2) iv is known’ that tne Bordoni peak disappears upon 
eauneal ing av elevaved temperatures. “Yae same erfrect nas 


Ween Found™ror the PS peak Tn Ticker by Ssomner and “Beshers 
(1966) and the present study. The annealing temperature 
(600°C) for the disappearance of the Bordoni peak has been 
Weentvr1ed with the onset or récrystallization (Niblett } 
1966). Niblett also discusses complicated annealing 
benavyrors which=nave occasronally becnropserved in “copper. 
Pae-ennea ling behavior Op. beehe Ps peak 1s) direvcule vo sv, 
because of the very large background (magnetic) damping 
Worcs eanitiaced by nickel -annealine and =antverieres wien 
the observation of the peace, ="ihe ay peak Maximum has ; 
however, been observed to shift to lower temperatures upon 
annealing (Pareure eT) Which ts) it aereenci ca Wily emetic 
@beervattons made on thé Bordoni peak: 

=) Gaswell has observed that the Neignt or che Bordoni 


peak -and the “vemperacure of Moxie ent iniec sare also reduced 
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bye thesadditionvofaimpurities *porthe sample BTheverfrect 
of dissolved hydrogen’6n the P, peak in nickel (figure 
4.10) is very similar to this behavior. 
4) ine Bordon’ 'peakin Copper is knows <6 beeaccom— 
panied by a smaller subsidiary peak on its low température 
siee’ (Niblett and Wilkes ;"1950)¢9 We™havye*snown thatethe 
Pa Peak™in nickel is disoVaccompanied by “alsubsidiary peak 
(P5) in a similar manner. 
>) ine Bordoni peak and *tnesNiolett-Wwihlks peak” orieinate 
froma thermally activated process and ‘exhibit, “in a@ general 
Way, aneexponential temperature dependence ofthe relaxation 
wane acecording to an Arrhénaus equatvron (Bordon eteals 
1959). However, they cannot be described by a single relaxa- 
PMGlE process ,= "asranve Ol *relaxeabion times*is Involved in 
eech Case.) The PS and P, Ceaks  anpnackelehaverbeen shown 
Here Orexh wilt the same propervics. 

iiey Vewsor Lies farcevaumber vous properbaes walch the 
PF and P, 


Deaceand its subsidiary -in=copperivit as probable=thav=poin 


peaks in nickel have in «common with the Bordoni 


Syecciiowarice from the @samevrelaxat hon erirects ws Wesweuld 
bhererore expect the rélaxation time spectra ’ror they pordoni 
Peaks in =copperrand= ni cker 68 be Simitar-in®navure ys we 

have shown invCchapter 47a Whav the shape of the Ps peak 
Heeconeistent with a Spectrum or relaxarilon tames Which 
arises from a distributlon=or Mimicving relaxat von eames 


and activation energies. We havé also inferred that these 


_ P a Sn 
ntTAsalva) ; iabiotn. net. aya, + 
: 
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two distributions are not independent of one another. 
imesection!B of iChaptem.4 it was«shown that the shape 
of the Bordoni peak is consistent with a spectrum of 
actuation tenergies withs single limiting relaxation 
Gime Webly would tappear that! the sspéctra efor aiiicked wand 
eepper rare Mol teompatibphe susince: the inferred thinéar 
dependence would novrallow sa single limiting + ime tin ithe 
Preccnce of an aevulvation nergy sspectrum. 

Mpe aniewew yo Wthks: contradic tren may Witegwita kone 
SPronsten ene tanalysi s }\phor -exanpe,s Aohewwidth fof the 
ow wins relaxation timesspeec rum momsthie«bordoniapeak 
in copper may in fact be small but non-zero (see figure 
PMS Wat nother. pos siibiit wis ebhaist beicwi dtheofe the medaxa— 
PuOmibame spectrum in nmiekel (figures 4.6 and 4.7) may not 
Vary linearhy with wvhewinverse htemnperature ~ncihe conclusion 
weve Gime “andivenereylspectra care binicambyedependentr on 
Ore cone une, mechs icaseimwouldebe erroneous: 

itiner mos @alike iy teamswer Guo ttre eorob lempl Tesermieiie 
bacic sascsumptions made in, theranalysis »’ We- assumedsthat 
vices oeetrumeot tin) Ticouwld cbe described tbyke, Poe fiotmay: 
dis Grabutiwon munctionmiichais (both contunucows elidmeyinmne lei 
aboue whe mosteprobablke value ein ease The sasisump tion (os 
Gontinuity may however be questioned.) We shave sseen avhay 
the Bordonuipeak iim ecpper and inickel Teynor ere i eeiormed 
at small deformations. ‘The shive ip a enperavure 4s kde pOieeilac 


deal. displayed structure (Giigures 4.1 and 4.19) indicating 
























Bia 5 
7 a 
tere Te inéorsuete!) tuo oa "eno toto r 
i 
eqatelaly devs is, teu 2k | sedated? Te donoh tone | : 


iiv Gmatatapos 41 stace ingterad eid ae : 
—pl» @» dflw-colyronh: fel sav ba : 
ge @A1- Zaecd 72 out é bigpow vf outa - 


fhe el! @? 169808. JO0) STE TWSgaae 7 


~“pie ¢ well ton biluoonw esteineage 
Bier yurents tolseuvlio“ an 10, 89neseTa. 
i ~eneste Orit a 3 


Lanes o ,ole¢ioannm qh 1 2teae 

née weltezalor itd bl 

el gser Jeqqos nt 

” nets fo . hag. SetZonnh -(ot.# 
mitoses amkg nekd 

Siw vlsesali wtayv 

To bas smd, aag tudd 

‘J of ,semvoge Sho 

na yie ti seem. oat , 

wo’ Wi eben aenoloqgnyese ed 

beng Sot cw “Hoel of biues 7.32 Yo mpttsege og 

SIs Aqwmiga biz vihe bain LP rand a, motte motesaug ootdud sn 
: 


Se ro bdinntuwds efi heat mn) auis’ 2itadoug, Jom ong Ry 


ae 
eee 


Fi, S/il-o .tmaclinewp od iwysned- yam ee ceee 
ot. elem tgaliaes tele nelieatanaplie 


, ’ 


= hee ai 7 
7 \y ial - : >! mae : 
' ' - o _ 7 7 





no 





105 


me possible existence of a separate peak which. contri- 
Duves#cO the relaxation, “This same type of etructure has 
Deen observed by Bordoni et al (1962) and by KUnig et al 
(1964) on the Bordoni peak in copper. If we assume that 
the Niblett-Wilks peak (and P, peak in nickel) arises 
from the same type of relaxation process (Seeger and 
oeniler, 1906)>5 ~hen the conclusion that the Bordoni vpeak 
eonsists of at least 2 overlapping peaks is made ‘more 
Plavsiole. We have shown that the Niblett—Wiiks peak 
Eonstcts Of at least three overlapping peaks (figures 4217 
and 4.18)* Samilar structure could not be resolved on the 
P»5 peak in Pree DecCausec.Ol, Uiewerearer UNcCerlainivy an 
EiewGata Worcen Was Mainly due to the much darger background 
JeMpeemepresent In Chis. metal. 

We can now prebene:.7 GiGhes MOC @aus FeleleMere ye Wigh niavS 
Semper Oues me bOrdonn peaks am Naickeleand opper. » Under 
GaeVsimplest assumption the Bordoni peak Consists of a 
feeees eak Which is Slightly disturbed by the presence of 
eelesser peak on iUs Nigh temperature side. <n copper ye 
have seen that the effect Of this additional relaxavion 
is more marked for small amounts Of COlG Work, (i ieUre ems 
Wile tie shape Of the peak becomes more stable” Tor Maree 
fepormicions (rieure 4.10). © Une reculil ss vere soil Mra iceor 
fresmeasirements in nickel. Although the high cvemoeravure 
peak cannot be uniquely separated from thes COtalT Veuve 


Ueee the discussion On discrete specura Dy eBordond, £959); 
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the consistency in the deduced spectra indicates that the 
disturbance in the shape is more marked for nickel than 
copper. Further comment on the spectrum of the Bordoni 
Pealowi Tl be reserved intil the specific nature of rela xa— 
tion process has been examined. 

As mentioned in Chapter 1, the most commonly accepted 
Pxplenavion of the Bordonl peak is based on stréss relaxa-— 
Pune rouse the, ceneration of double kinks alone dislocation 
mies.) Inis proposal was first put forward by Mason (1955) 
and was subsequently modified by Seeger et al (1957). Since 
Pieter ines, a Creal many studies snavye been published concern= 
Digerae stress induced generation and motion of double kinks 
and their relation to internal friction (see, for example: 
Niblett, 1966 and Seeger and Schiller, 1966). Only the 
most important development can be presented here for com- 
Pot OM Wil ti ble Vex oer imenuad  resiul va. 

MOUS SOA Scr CONCED DS sol sd is LOCAL TOMS « reterence 
feemede to. Hirth and Lothe(1963).. For our purposes a 
Ge rocar1 on 1s, 4 linear oerecy, in, a crystal Tecvcice shar 
Temcurrounded by a surain Tiel.) ine sSirSoic th ome tac 
dae tocation (and jts. associated strain! ficld) Gs ea vyensby 
Weeow eMC ers. VeCLor be In, the presence of an “appl reds sires: 
Oop eos OCcau Lon per ences an) Cr CeCulvyes lore ens De a aiiou 
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where ope is the projection of the shear component of o 
Cncvo a) Wine perpendicular to the dislocation Dine: As 
eenesulv or tnis elfective force, the dislocation will 
Wend to move Ain the direction of Ob This mopion wa. 
weciwle aii) a su raun Eq associated With whe dishocatvion-. 
ihe scrain Eq however, 1s not produced instantaneously 
eeneCes lhe velocity of the dislocation will be limited by 
Dhewiricvional, forces srising from the interaction of the 
Gislocavion with ite ysurmoundines. If the applied “stress 
Peiiee eer Orm OL an acOustiic wave, one result of This 
delayed strain will be an internal friction effect (see 
Unevceras. section A) wilh asspecificerelaxeation, time 7. 
Layer y SIM pOrbati 1 Om eOi ewe lOniciIMe OrCe encoun— 
meredupy a moving dislocation 1s that’ associated with the 
periodicity of the lattice (Peierls stress). If we examine 
Sms sOcau hon ving pare i lee roa closes packed direcr ton 
ViPATiege Cl. Clrycual, Cacheuniy enti OL —hew evra field 
Mase eccociatbed with dt an elastic enercy.. When the dis— 
Hoc On mes Gicplaced perpendicular sto 2ls—-direction, cue 
eerey, oer Unit. Lengtn is ayperl odie function om The 
displacement (Peieris, 1940). The period a of this "enerzy 
function is in general simply related othe Gislocarvaon 
Strength 6. The situation is illustrated) inert gure >. 
he wero temperature the dislocation Wwidl ie alone 
position of minimum energy and will require 4 shear stress 


GPeierls stress.) UO semdispleced inte the adjacent minimum 
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energy position. At finite temperatures (Seeger et al, 
LoD, Bethe disloeatwon wlll not@lie alone a-saneie 
povential” enersy minimum. OThermal agitation will cause 
Mom COnJUMD) the Darrier and the dislocation will contain 
IcenkeeGrecure 5.1) end bulges consisting of kinks of 
Seposeite sense. The probability of forming kinks on 
eliner side Of the zero temperature Tine should be equal 
and thus the dislocation will suffer no net displacement 
Cue = vortunepmal Tluctuation. "9 The errect of applying 4 
StUcesc ineone direction willl bDe1to offset this balance 
Somunotemice Cus location Undercocs@asnetscisplacement. an 
the direction of the stress. Seeger and Schiller (1966) 
ive ioOWw i aenlat CoS RIMmberial Triculon Gue FO thre wype lot 
Pegs wr OnM Cal DewCcalcu.aped Dyneauvuratve, theory similar 
Wo ea Used by Tes Glos 50 

bey Us assume Uhac whe rate of Tormacion of kink 
Pomrem ovo Kinks Of) opposite sense) ginvthe presences oF 
Aeerbplied Stress Ls eiven by [ for a dislocation, of Wengen 
fimumLeo ws number the Peierls valleys (solaq iimnes in 
raeure SL whiten a dislocation line or Cola slencinmss 
Weyereach Dy forming thermal Kinks Dy 1-0) ele elc. 
fhe stoval Length over which “thé distocavion Cc Miieiac 
MeeVee diay 1s. denoved by Ly and the number of kinks lying 
pecween the ith and the (itl)et valleyels N,. We define 
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FOr Je formation of 2 kink pair (between Vasey eo arid 
itl) per unit time per unit length of the dislocation 


Pines vihéserate chichange of Ny se Veg TON 


ae (enokae of Pee 


where Gs Ps une rave Of generation of kinks between tre 
Vo wieys, to and) 17h and Ry Ls the *corresponding recombina— 
Evorerave (annihaleation of two Winks .or opposite Si. en Dy 


Pecomornmation). Thesrate oriformauion is even io: 


G Mit whe phen a Ten 


ef Sapa Ue ce ee ne (9.7) 


em@oeooecalse OF Tie preterentilal GcirecLrion due to the 


SUD ue Crsuress, We Nove... Une recombination 


sno Beng ae 
Peete Ooo Sel ee tele OrWard ao eee ellera clones iaCe es 
Geto econ Knowledge Of the MOULON OP Rkinks 23s required ter 
Meewocvermination. Let Us assume that the dislocation 
Cerminaces ab strong pinning points which are situated an 
Waemzerous valley.§. in Ghes (si tuavien) mers nboriie aps 
Sree ineaya Of Opposite sign. ‘They may Vausemovem overviea 
elone whe line of the dislocation To anminidere one 
Snothere The motion of the kinks along the cdistocatson 
Gone ets of random thermal movilonsyat big) velocity suber = 
imposed on a small drift velocity due vo the applied 


stress. Stenzel (1965) has shown that the recombination 


rate under these assumptions is given by: 





A al 


Ne 
RiSabe lvls at DN? (5 + ome (5.5) 
i LSet 
where Vg toe ler hie reloecity and Dhia theaditrueton 
coefficient of the kinks. Thus the complete expression 


BOptaearave of change -of Ny a 
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mie dislocation is Piven? by: 


cA. 
x max 
yl Gaeesy eu es (5.9) 
ie oe 
max 


The resulting Uva te eulle [oO Une mis loc2p.on 15s pnen 


given by (see,for example, Mason, 1955): 
SC, mare ete ) Ai (5 109 


“NOs oe internal Trictton 12s found from equavion (2.0) 


Co gbe: 

-l1 _ Ned a4 eh ae) 

® ewe (Obs) sel. 3 (5-11) 
Weere il ids the shear modulus Of the material. Summavion 


network the di slocarton in avumit volume would then’ give 
Bim EOvd leanne ria l= i ric llone 

tnerewieave WOeCeCn a fSreal Many proD lems iwi vane, 
bower ceneral theory. “he generavion raver, nas peen 
ealculated using different approaches (see, for example, 
Plefeld et al, 1965 and Seeger and Schiller, 1966). This 
Czlculeaion lc rendered dilricult because sot vay lack wor 
bnowledee= concerning the form of the periodic trcier i: 
potential (Seeger and Schiller, 1966, Lotheand Hirth, 
MOOG). eine evaluatwon of the drat etvelociry Vg in 
equations (5.0) and (5.7) is also 4 problem.) Staie 
velocity 18 assumed to be the result of anvequiliprium 


between the force on the kinks due to the applied stress 
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and the frictional forces due to the interaction of the 
kinks with their surroundings. Brailsford (1961) has 
suggested that the rate controlling mechanism for kink 

dii feel ongetherdis location Wine ds rthetpéericd potential 
CEE ilauticenr nr Secrer Vand (Schill eme( b9o2" 1966) have 
areued cuhat tthe activation energy for Unis Molton Vsersmal! 
compared to kT except at very low temperatures (typically, 
nik Ee 0.5°K), and therefore should be negligible. They 
Giererore suggested that the dominating friction force 
wMouLOmUe ONC DO the anteract mon of the kinks with ithe 
Dhonons and other kinks. 

Pies} Or sorPOoleMawtllOatiive tPreatiient. Te. the nteniy 
Pomlanear character of equations (5.6) and (5.7). ‘Bhey 
Ceonmcum De sOLvVed-an CLOSEC Orn and wouldyrequire exten— 
eave numerical’ calculations. Such caiculavions have not 
been reported, “larcely (because ~of thesuncertainty tm .hie 
VeiMecstLOr the yarious terms in the equation. seeversand 
Semuilier (1956) Have reported that an attempe ab lanes 
ing the equations by considering small deviations from 
equilibrium values Of; Ny and Ls have yielded physicaliy 
meaningless results. The reason is that the linearized 
SquaGrons do not; limit Ls GO POSLtAve Values spresumaply 
pecause the recombination term is not properly taken into 
Account soy ~vhe prot edure: 

We pelle vexam ne eens dod Limecds Vers lon sole diss Lleol 
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discussion will be based on the model of peeger eb ai 
(1957). If we treat the dislocation line (lying nearly 
Dane Lele Ost pegxadineeticnsinyfisure 5.1) as a4 Stein 
amass i Per Unit Tengeth, we obtain the fol Vowitnie 
pamulalecitiecrential equation for the shape. y(x,.t)ser 


Poeewol es ocation Jine (t=time): 





E(y) $= bp bit bol Eris ey (Ge) 


fois 25 the nermataequation of motion for @.forced vibra— 
Pine escring with the force per unit Length Clast term on 

right hand side) given by equation (5.1). The energy 

per Unit length Ey), as mentioned earijer; is a periodic 
Mme rolrOrey., and will be represented by 4 second order 


HouUriers expansion: 


; és ony Any 
ECy) = be Sey OOE) Ss Go COS — ; C5 3) 


where or P(Peierls stress) is the stress required to 
move a dislocation over the maximum in E(y) without the 
assistance. of thermal.orsquantumsactivation. »~fhe constant 
ae is always much larger than ao, or a, (Seeger, 1956); 
bherefore, we replace Eigye by By oversthe dete. handeside 


of equation) (5:12),and the equation,is rewrittenga:;:. 


2 OTTO 
E as Ce sh (sin amy (x) + 2y sin Hay Gx) 
Oo ee a a 
dx 
4 2 
a ee a (5.14) 
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where Y = 5/0,» The time independent solution to this 
S0U2t lon corresponding to 4 single kink in the disloca— 


tion line is given by (Seeger 1956) 





iS a tan + [ ae ee i (5-15) 
sinh [2 mxfo, (1+48)/E5} */a] 


Pormeete case Of 1 = 0. BY inserting Ghis expression into 
[Tne potential energy equation for 4 stretched string we 


Pond that Lhe energy of a kink is given by: 


O 
2% abo hs 
- Pe O (ee 
Hees = 40 se feed (5.16) 
where ose Coleone. okey Saou e elo Cmuy.: 
o° = 2na,/ab ar ir#) 
P iL e ° 
Pte Od. OM. COncespond Ss .G0..biie.f8 per ox a0 Olay. ey and 


oD wie iii MUM, Slhess erequired= VO.Oomercome: Wie see lems 
pe meie uA le Ca tcy a= .0)) . 

Seeger et al (1957) have studied the solutions to 
ecpetvion (5.12) for y = 0 and [find that: the Gaslocetion 
undergoes normal modes of vibration with energy W per wave- 
Tength. They are ordinary harmonic waves +(as for stretched 
string) when W << eW), buUG are related to. bulges over ernie 
maximum in E(y) when W * ew, These modes were assumed 
to represent double-kink generation when the separation 


between the two kinks was greater than a distance d allow— 


ing the kinks to move along the dislocation independently 
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Ofeonecanothervunder  thesinfluence of the applaedhetrvess . 
This distance was assumed to be the separation at which 
tne workidone by thelapplied! stréssepluspthenpotential 
evnerevynotatherdouble kink’ wéerenatha maximum.a = Thetsitua— 
tTionsis an unstabletequilibriumtand the applied stress 
causes therkinkspair tonseparatéeanfurther. 

Thetsolpbionxtoyequavions( 58 12vewashcarricdhous 
pumerikcaliyeby Seeger ethall (1957) landeWontha (1957 eto 
chow, thatithe frequency’ viiwith® which) doubles kinks 


(separation > d) are formed is given by the equations 


tn(v/B) = Fy(ysa) (5.19) 
Tuber 
SY Seer pies em 


Soa. vm E 


Wneres kits. thesboltzmann constants Po asatherabsolutestem= 
BeesuGre ond Velislthesvedocityseotrsound? a2he nimerical 
Peem les ior PY 5%) were  e@iven by Séeecerget. al.) The 


parameters Y and % are given by: 


v= ew, /kT Coes) 
and 
i Oe —_ (5.22) 
80 


Paré (1961) has approximated the function F,(y,%) by: 


oO 5 Cp Re sie re 
FS CY3%) = SEriree [2 a Vette Ma | ° (Saese 
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rae frequency v may be iniverpreted in) the followings way. 
A number of dislocations in the crystal are assumed to 
Picpinitially an valleys of the Reierls potential. A 
@onsvan> stress 0 is applied to the crystal at t = 0. 

ie co slocation, which is vibrating in its normal modes 
due to thermal agitation, will form a double kink by 
bulging into the next valley. At a frequency v, these 
double skinks will be separated by the critical distance 
Gyend wali be torn apart by the applied stress, thus the 
Ti ocabtonwwili, pe“pushed anto the next valley. The 
one ee aus lLOCamLoOnwoich 16 pushed) over tne barrieuars 
Equalecoucic maximum distance which the kinks can be 
Poparaved, that lis thevdistance between pimning points 
GeneinmterscclLing dislocation or immobile point defect) - 
Mgewunser 4 eonstant stress the dislocation will  ~roduce 
Pa Uo iiedue tO 10s motion which relaxes wav a crave W/2nv. 
fies ts ne relaxacion time Le in e€quavion (2.1) which 
emeorappiied for the case of sinosoidal stress with the 


Usualeaporoximavions (equation 2,9). she internal eiric— 





Pironmwael | therefore be, @iven by: 
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Equation (5.25) indicates that the process Of double kink 
generation is a thermally activated CrOCess WlEn tne 
jamiting relaxation time Tela oe and -ansactivarion 


Cierey We erven: by: 


ee a tare. (05 (Ly 0992) C5 2m) 
=P 
It is easy to show that in internal friction experiments 
Pie aOOlicd stress o 1S much smaller than op (Pare 21951) 


and therefore the activation energy is expected to be 
Weezo pO Ww, (a21) 


Bordoni et al (1959) have shown that the activation energy 
and the limiting relaxation time (average values) for the 
Poel omi Ocak ln-copoecrm cuel i ngreasonan)e spreemeny. with 
equations (5.27) and (5.20) respectively. These equations 
however predict a single activation energy and limiting 
Pelaxarton time and thus cannot accouny forthe wilt of 
the Bordoni peak (Seeger et al, 1957). 

Pare (1961) has proposed avery simple modsiiea ciao 
GoeGice scepermet yal theory to explain the width of tne 
peak. He suggested that the internal stresses 0; present 
ima cold worked metal be included: in whe Oo, dependenceson 
W (equation 5.26). If we assume that o,>> o, the applied 


Stress. vulen: 
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W = 4.56 w.[2 - 0.785 (SEE SUSE A Ga 
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Pare assumed the internal stress to have 4 normal distri— 
bution with mean value zero and standard deviation Ao. 
meee uMNen a simple matter to arrive at the expectabion 
value and width of the resulting activation energy spec- 
Crum. The most probable value ve Om Toe acvivarion enerrgy 
came ive n py: 
+00 
iy fw los okay do, =m Ore ee pie aetna ; 


oo 
= 


C5 2) 


where wlo,) ter the+normai®daistributi one i uncei1 on’ for O;- 
imemscandaerd=devialtions AW i1s'eiven bys 
+00 5 1, 
AW =([s (W - WL)” (a, )do,] (O30) 


—-0O 


enCawas Gstimateda~by Paré ue be: 


Migs 4 
AW = 0.3 (—4_)9°97° (5.31) 
ae 
Hie quanticvy AW is related vo By used in Chepter 2 
Cequecion 2.20) by 
ee IME: (51.32) 


The measured values of We and By for Copper ave 0.122 en 
and 0.035 eV (Chapter 4, Section B) and by inserting into 


equations (5.29) and (5.31) we find: 
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Paré pointed out that the width of the stress distribution 
indicated by these results would require internal stresses 
eee worden "or =tnemt tow stress (e. aoe libs, Gees nee 
expected that a crystal could maintain these large 
stresses without relaxation. He therefore concluded 
Chau tne internal stress distribution could not completely 
eceount for the =wrdth of the Bordoni peak. 

More recently, Hobart, (1960) has sugetesved that 
TreodwrcLCrn tO the O; Cistrivuvlon ove miphiwexpec tae 
eeu tt on in the values Of he It is Known that under 
Seo ew onercy CONC LLons 4a Gils locav1on line may break 
HeeiioO parcial GCislocarions which are separated, by a 
Stacking fault (see, for example, Lotheand Hirth, 1968). 
Poberc.( 1900) has suggested that: the *oscillating part jot 
the dislocation energy E(y) [equation (5.13)] for the 


Soligeaiclocavion can be represented by Tie sum forerne 


Sonecioucions trom, each partial. | Wnus Newarri vec tac 
eye heel [cos (2u MPETISS UT, Got SES: a) 
J O 1 a a a a 7 
(e534) 


where 6 is the separation bebween the partials 7 oy 
Polinpevhie into accountant sequetioneg( 5.5) sande > =i. 


Hobart (1969) has suggested that: 
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lo; | 
x 7 QO", % 
Wes W, [1=0.785 (—+-)"'?7*1 (eos B81)%. (5.35) 
a a 
le 
It was assumed that the partial separation s is distri- 
buted normally about a mean value § with a standard 


eseviatvoniNs), Using the following values: 


a O 
Ao; Orel Op 
Sa. >eaae, 
So Mal0aa} 


HObere Was able to account for the width of the Bordoni 
Pecewuecopper. 1G is easy to show that approximately 
Bie same values of the above quantities would also account 
PoomcneewMlun Ol sone Bordona peak an neekel. 

Loewe veve arcumeni, thaly Chevsimpl it 1e0s teeny or 
(eo wkeowei ak sreneravion can be modiiwved. in Vhissway oO 
Socewigeclor the width of the Bordond peak, 1s moor, wie. 
ome wamine the Tirst contribution TO othe activation eeienny, 
spectrum, namely the internal stresses. As shown by 
equation (5.29), We is a decreasing function of Ao,. As 
aeconecaquence se the peak temperature, is also a decrea— 
sing function of Ao, (equation 2.15) tio es nO lmideoe 
Seo ce ued stnat Ao would increase with the amount of cold 
working and we would therefore expect the peak maximum 
to shift to lower temperatures with increases in cold 


work. Experimentally the opposite behavior is observed 
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CCmapver 4°" ATerela et at (1965) have argued that the 
hares OrOpOsal 1s substantiated [Oy GOS eieaery Hey els Th of 
the «-peak in niobium behaves in the credicted manner. 
The same argument has been PUL Torth by™Sommer and 
Beshers (1966) based on their observation of the P, 

Beak in nickel. We have shown in Chapter 4° that neither 
of these peaks-can be classified as Bordoni peaks 
Decause of their enhancement in the presence of hydrogen. 

We would also expect mild enneaeling to reduce 
PiewiiverNal SuUressces UUs reducing Ao, with an accom- 
Peiytuie increase ir ie Ve Miighs ial Ve erceleiaal me Oereyie Vers 
Deeleoveerved, LO Dehave tire-the Opposice manner. it 1s 
SoupE LUM whevner Ouner, cUunaccountDed Tor, ecirects would 
mask the predicted changes in die Since DOL HObare 41909) 
end Pare (1961) have shown that i is reduced by appro- 
ximatly 20°K MpOn increas 11s ho,/op Prom mG Ost s2% 

We would expect, from Paré's model (and from 
Mmepertis modl1 cation of it), that the wadtn-of tne 
Betivation energy spectrum would be dependents on Noy 
and therefore on cold work ° and annealing treat-— 
ments. We have shown in figures 4.7 and 4.16 that this 
is, in fact, not the case In nickel and’ copper Wwherest ic 
spectrum width is left essentially unaltered Out mccreneel 
working and annealing treatments. The changes in shape 


OL apie “peak. 1) the carly evages of deformation (figures 
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4.1 and 4.19) cannot be accounted for by this model since 
they are not consistent with an activation energy spectrum 
ae predicted? 
The contribution due to splitting of dislocation 
is also in doubt. The average separation between 
partials s is determined by a balance between the reduc-— 
trornein .disTocat i on®energy “caused Sby "the "Splitting and 
the increase in the crystal energy due to the presence 
Sretniesstacking fault ‘plane *CLothetand: Hirth 1960 )P>eAs 
eecomeequence,, Gnenetals with tigh@stackime Uraurt 
energies the average separation between partials is 
Specved eto be smaller than “ay slow -stackinge “fault enerry 
Woerelse. The staking fault “enerscy of "copper rs Chirth “and 
Botn eelooc) appreximately 100 eres/em- while in nvekel  1t 
eS SMOG ergs/cm. The partial separation is then expected 
Genbe Seen copper and Sol. oa ein muekel Gyan tauren. 1960): 
We therefore do not sée the justification in assuming 
eis testdone by Hobart’ furthermore we wou LaV@expect 
thieves, since ther separation “oP partials is less marked™im 
(eieice betuhamd an fcopper.) iv Should*heave bess ef rect I vnc 
width of the Bordoni peak. The experimental results 
however indicate that the Bordoni péak in nickels 
significantly wider than in copper (figures 4.6 and 4.16). 
It is apparent from the above discussion that the 
Seeger-Hobart proposal cannot account for the relaxation 


spectrum of the Bordoni peak. This eonclusion would tend 
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to substantiate Seeger and Schiller's (1966) contention 
Unatvavhe o dependence of W (equation 5.26) should not 
imeWMide Antvernal suresses. A reasonable discussion of 
Uiemcts ocatvion splitting effect is not possible in avew 
or the large uncertainties in the concept of kink gene- 
Bape one ats p lite dislocations lotheand Hirt, 10638 sand 
Heiedel, 1903). The discrépancies between the Paré= 
Hobart model and the experimental results are not linked 
Withethesuse of the Seeger et al kink generation model 
Since all the other kink models presented in the literature 
have qualitatively the same dependence on kink energy and 
aepim@edmetress forwthe activation energy (see, for 
example, Seeger and Schiller, 1966; Alefeld et al, 1965 
endmiisenault, 1967). 

Seeger and Schiller (1962 and 1966) have suggested 
tiawerneswitdch of the =bordond peak might. be explained by 
Bos nemrncOveccounl vie (time required for whe wkinksiin 
emvatomcenatthas been thermally activated tol separate 
mune@crms pie int iluence to an applied tstresss. They sproposed 
thiotmune srelaxation time 1 forsthe Bordoni peak coudidmbe 


Pepcesenreq sy: 
= 5 oKO 
prc t OL mae» Gecsie) 


where Ty is the relaxation time for double kink generation 


(Lomcri pica. separation sd mand ‘we is the relaxation time 


for Ghe further separation of the kinks under the applied 
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eercecesey The) valuecror, Te, eould be made appreciable 
compared Lo ay by wvissCOUSsK dra cimorces ton the kimkesduc 

Do kKink-Wink intereetions and phonon viscosity. The 
time tT, decreases exponenidaldy with) temperatures while 

Te due to phonon drag might be expected to increase 

(much more slowly) with temperature. As pointed out 

Dymo ee ten! andy Schdd tert] 9ob0n) thasawouldeproaden whe 
Bordoni peak particularly at high temperatures where 

cf becomes comparable with Tye PRA Sl aualitalivesarcument 
Wiese Used by these aut nors iter explains thelstructurer onsivhe 
iP Set emperaturelsidervor) tie) Bordonit peak. aWelbhave 
isco s cos cUClses oOruc lures atic Pecinvwing jorrhecrChapter 
pene comparcoga vet eitect one thelshaperorethe peaks un 
CopvCe ee dh tickeley Unt le iureher Mevelopmen ye off this 
Pie@ievwen se medengwe cannot c ommenie Onatheivwaliadaty) ofja@he 
eeoter— pCi ler propose eA heoweveriI@neirs sugetes te Ons tbat 
(aes Ovo e a LOG nyOme times peakiim shies per exp laamed? ai was 
Wey, doesenoteseen Lol bes correct2g Whe analysdstongtne 
Piowen oie vuhes POrdonim peakye givenldumpeectionse Uand Biot 
Chapvera4 has’ showns that theamostescigniticant proaden— 
imcnorelacepeakToccurs—s on herd oOnmé emperea ture) isadeuor a 
emdmproducesnthe characterishi chiasymmerryeet ne contr abus 
tons LO ch arising from kink-kink interactions cannot 
aecounte for’ this effects either. vKink—kink Umverac tions 
should bewincreasedsby Uncreasing) the wmumbery of Gisloca-— 


fA Onse ance chuse thes number’ of hinkstesg Dowever? oexceoirt or 
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the very early stages of deformation, it has been shown 
that the shape of the peak is independent of the amount 
Oprcoldnwork \Giiigures 4.7 and 4716); 

EpewOreeccd ie idiscussion. haswandl cared thatetne 
sample theories of double kink generation and the 
Proposed modificavions to these theories by Paré (1961), 
Se-oomeands seni Mer C1962), and Hobart (1969) cannot 
eceouny for the spectrum of the -Bordoni, peak. It would 
appear aU this) time that “an explanation of the spectrum 
Mist await Turvner development of the rate theory @iven 
by oeezer and Schiller (1966) and outlined at the outset 
Gemmeeairsearscussion. This would require a much more 
eeeaice Covela tO mNOlm ie ara tee Olmcenerat One OL COuDLe 
Pisce viia Clu o cetiou Deere pOrvedmaom yet. lier echiects 
Cimeicaoe igen Orces On Kinks ue sLo Vvacious detects such 
Se ouneceminks, phonons and point delects would also have 
pOMDemLaKen TnlLo accounl. —Jne Tacs, that. many dislocations 
ieee pow Loned 20 pol ntse wiich do noveall Jieuin the same 
Posermlcevalley must calso be "considered since nese, dis 
LoctiOns WOULGd Cross Clem rel erie DOveiulaleaurat! 
temperatures. They. would therefore contain kinks (called 
geometric kinks) which are not thermally activated. These 
Manis. would be expected to drint funder  arempplicd sures 
and interact with thermally activated kink pairs (Alefeld, 
LO) Uli june wUncCerieadnr4 es slnethemabove sli sved 


SinveractLons are Cresolveds a numerical solution of @tvhe 
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Nenwiiiear rave theory isemnot warranted. The successful 
Uieory Will be required to explain the changes in peak 
temperature that are produced by cold work, annealing 

and simnpuribies. 1 should also yield a spectrum which 
ieerelarively insensitive to these treatments. The 
Spectrum MUSt produce a broadening of the peak which is 
Mere narked at low temperatures a@s might be expected 
PPomean@ activation energy spectrum.  Pinally this theory 
SHOU revdetermites the relationship of the strueture on the 
neh temperavure Side of the peak and the three peaks 
composing the Niblett-Wilks peak (P5) to the main Bordoni 


peak. 


Piyelhewts peaks vine cvanva hum=and niobium 

Webhave shown (Section C,°’Chapter 4) that the 
fects Mfr LOerOneVversua = Lempera sure Curve = oT eCOolde Worked 
Tawca lon eoxnvtoLtbS = a=releaxavron peak av eapproximately 25°K 
G22 kH,). Neca ces iMmmlar voO=rlIlSs Wo-peaky ascot so, Deen 
Ovpserved in niobium™by Mazzolai and Nuovo (1909) and by 
Chambers (1966). It was suggested by the authors (Verdini 
and Vienneau 1968 b) and subsequently Mazzolai and Nuovo 
CPO69 that this peaktarvses "irom the same@relaxavion 
meena ten ase they Bordoni@péeaks = 'The*® lavrver*autnoree erOwe vcr. 
Used*the Brailsrord (2961) abrupt kinkymodel Gnevheie 


ane ujstsvor=bhe= peak, BBetorercomenvilg @On Ube -dinrereny 
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models used, let us examine the basis and cCOonseqUence 0 
identifying the 6-peak with the Bordoni peak. 

In reviewing the properties used to “define the 
Fordon peak in nickel@and copper (Chapter 5, Av 1) we 
Pind that the to-peak does in fact fiz the definition 
Doosoneoly well The efrects, of cold work, annealing 
and hydrogen impurity on the peak height and temperature, 
as outlined in Chapter 4, C, agree well with observations 
made on the Bordon peak.) ie wwlovl sof The peaks indicates 
Ciewomesecnice Of a relaxation time spectrum which is aiso 
the =case for the Bordoni peak. We were not able to make 
Sedo emil Tec vVe  —COMparl soneabetween tie spectra of the o= 
Deak wend tiaG Of the Bordon peak Decause of the structure 
Cope leaniton and tow temperoarmure  sidessor the tormer. If; 
MienmoVvemoawe LOCnLIt y ons Sscructure withetune Nibtetu— 
VWeiGeepe kk and syne Structure, on thes hieh temperature side 
Ouputenboraons peak, 9Uheso—-peak Tits ithe, deliniyronvoie ce 
Bordon peak quite well. 

The assumption Utat tnero-peak is a Pordoni speak 
has very important consequences. The aculvatlon enersy 
for the Bordoni peak according to the Seeger et al (1957) 
model is given. by “equation= (5.27 )ior very omaiiie pod ied 
Saloons ee lic ee sereesi eles OL eWeco Wy 1S Je ecomnonm 
feature ot all double Kinks ceneral ion modelsepresented 


4n the literature (see, for example, Niblett, 1966). 
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Pre Oroporcvionalaty constant (41.56 in the weerer et. -al 
model) however varies by a factor of two from model to 
model Di spite orethis, we can make 2 comparison of 

the Vvedues cot op/u Geri dvi ronmseqita tans «( 5. 16). and 

Care 7) using the measured value of the activation energy 
ve tape Wl wer ind the nea sured=vyalue™or =the 

eu Va On energy Woetor Bt hewwordont Soeak inicopper and 
nickel and the é-—peak in tantalum and niobium accompanied 
Dimtne Corresponding values iT Op/t- 

Tnewresulirs In table Lie indicate that tame Peierls 
ecco Ss muChs smaller st Ore tnemoac.c,. Metals, niobium sand 
Pore wUMoweclieh Wert. 6 ..G, metals BM niekel sand copper ;: 
although the theoretical estimates of o3/u are very 
Dnececcolmeand Cover the range riven an table Till iG is 
Peneraiiysexpected tha tne values for tantalum and 
oOo Mm es Ould De SCcmewnay bugner vwnan an copper and 
Mieke@e Coun and Hirth, Sl963:7.iSeeser and <Schibllerm, 1966); 
iwewoue litavive argument Tor this resus On Lhe fact than 
Uoeomiibveravonmuc, LOrces Ine .c.c. metals. bend Os be more 
SSIS HS EUN Higley Ue Pen Oy eeicieeeke, Aen Awevs NOES! ule 
greater resistance to shearing and therefore a larger 
Perenlsestress. 

In the Mazzolai-Nuovo interpretation of the 6-peak, 
Use 16 made of the abrupt kink model for Chne Bordons peak 


Obra. us £ Orcs MOG a) Tn this descriptions 1G Bordon s peak 










* 
7 
5 
j ‘oui: 
1yowc 
nw 
che 
re : 
~ % 
ry 
rf 
¢ 
F » 
ne 199899 
- 4 iw 


-seo0% te atzak 
£2 val meta ies 


veh ual Bd ~ 


- 





130 


DAS se tt 


COMPARISON OF Op/u FOR VARIOUS METALS 














W (eV) Op/u x te 
Copper Om ee (1) ies 
85 he eeyausians ea 
Tantalum On Ua, (2) Oz, Ob 
Niobium Orel (3) Oma 2 


Poeriye 1rom eqleutonss | 5, lO)mand (5 72/) usanes 
a=b, eae De VOeGecernne teat e195 (i). 


Gee borcony eb al (1959) 
yeti es buddy. 


(3) Chambers (1960) 
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ie assumed tO arise trom motion Of Kinks alone the dis-— 
Wocatione line Tracher tnen through the neucleacion® or 
Kink pairs. This motion 1s assumed to be thermally 
activated because of the presence of a periodic energy 
barrier analogous to the Peierls barrier. If we assume 
(heGechis model cConvains the explanation of the Bordon: 
peak, then it is €asily seen that the discrepancy in 
Caos 1s Ou, CeMOvVed. solnCe Une aCLivation enercy 
CCC enor -Otealone ties dis locacaon, Line is expected 
Pome IUCchinLess, Lian Unaton doupre, kink, neucleation, 
Wowie Meas sume tiau Ulie MoOrdom: peak an copper and 
Pie. eels eS enrol Uae pecrer ep aa mechanism while tic 
O-Oca Gets Cue to tie Brailsrord mechanism. Further dis=— 
CUssl ome Ol tiiis- Poll NOULG require More FusStilicavion 
Rope CetronOrope aeclMpuLon Ol almeecrecrey barrier. = The 
effective Peierls barrier for kink motion along the 
Gus tocavton line-1s 6suimated to be much less than ck? 
down to 0.5°K or lower (Loth and Hirth, 1968; Seeger and 
Schiller, 19606). 

We will close thissdiscusslon by DOlnGine Soule ulac 
Pecos toererion Of Le WWasic  CONnCCD UGS Ole where wees 
barrier might be avoided by identifying the 6-peakswith 
a similar peak observed in polycrystalline magnesium by 
Tsui and Sack (1967) in the same temperature range. 


ihe yereportustiau tne speak. Which TS very similar to: Une 

























bf bikie « ‘gow moc? asians 69 hembaas a 
“ty aia veddae Sal nottedol 

ee neltdd eidT. -oxteq SNEe 

ope ef4 Yo senesced begedlgss 

‘iomotsens ekirsd 

» rabom eb? sane 

f SL o6ay .aesq 
my Jom 6) TET sided 

ole molten Ania to% 

ef doug ed of 

meee Jig im sw 

sont- eexiers Ledpta 

; - wb el Assq-8 

b} ‘toq efAd ao colgaus 


‘svg %eltacd wot 


{ got+ssorels 
| ¥°e.0 of Bwop 
; (baer .aisllinak 
TAA Doewiytnioy .\ fe anoed | tifw a 
sihets) sii cans Olesd etc Te (etderebiahnocem 


Pitwineed-* si gel 'tnet! yo Seblove, ed gayle reemee 


ie, 









os 7 


aes wer ce ‘ s-#8 
, ae mah f ant ution ba barqnedi ne ‘Tal. 





‘i 


ee ee wen od 8 | 


ANS 2 


o=peaks,© lseionlyov isi bles im the polycrystalline material 
ands netyinm singlesterystalss «They therefore, interpret the 
peak as) a! grain boundary effect. “Measwrementsy ofthe 
vera iricé von aneniish purity) simeile crystale ofaman- 
talum and niobium would therefore be the deciding factor 
here. A Bordoni peak should be present in both poly- 
COny Sten. ands singicl ctrystalsspecamens (Masedni Copper, 
Moncyiicts alemhooujnwhile grain boundary effects: should 
Only occuriingthe fornmerh ve Theamechandsmert oret hem magnesium 
Dea rus mote kKnownlate Cha stitimes doweversturtherswexperamental 
SoUOve move lel ost her inrormar ont recwureded om aneanterpreta— 
talon. 

Mie) sii kine sumiparity iote thes -peakqand the 
mMeeniesammn peak) To. thes Bordonia peak ampcopper® point sy out 
pie Giscreriongrequired uniadentifyine relaxation peaks 
iecould, werkedyme tal stiwa thatthe Bordon peak in Copper. 
Nevyery cood examples ofeithissisrihe longi standing adeniir 
fiicatniom of the.a=peaks! tin bses'clLometalsi withthe Bordoni 
Dealers Aste have showny im Chapver ie Ceethiis meguares 
reconsideration because of the role hydrogen apparently 


Clays ani Ghitsesrelaxation: 


ida) hes hydrogenmeo ld =VoOlmpeaks 


We now turn Une avtentloOn 10) uNemre Deak neiacke., 


B 


and its counterpart, the a-peak in tantalum. These peaks 


are basically different from the Bordoni peaks with regard 




















as i a 


. | | — 7 
were n/ e@4iaf veldpaty:@fae-g ne 


‘ ‘ oaths .oleteurs oipke ae tom Dee” 
a3 pa jueT?l* yrehswed- O2elg £ 2B Sead 7 
ft inter np? eelgote?, antes 
“) vufvow muf@utn baa mies 
, aerate .24q.leeavoh A. ese 
5 FH so Clanate bas LBevas 
w (82°! , ie te sane 
i¢) . reo" a2 at $uso0, Vine 
=" i : tworml tom ef sseg 
ys tG sdf Blely yen. _ybuge 
OLS 
itiase soAT 
ILSq MULASARSM 
Y solJ@rosid Sag 
am DondoW presins 
jeexe Goan teva 
Lo :o.8 4-0 oe Oo, HoLtmet® 
emttieiie. atte.) a L aw oval ow 2A «..aeeg 
eieasieeaa 0 sc aly, ls cewened noldaieb epee 


ligula -aldadd gt eysig 









sleby Wuriv-bios tenia eat (Ree: F 
’ ‘ a “ & (a - 

) 5 O0? 03 notipoice aga ates wonieey 

a ee Poe : ‘ ; oy : ‘ 






7 & 
: 2 





' 
wire a 





ioe 


ess) 


to their behavior in the presence of dissolved hydrogen. 
Theta-peakVvinenioviume ieesimid@arsterthateine tantalum 
(Mazzolai and Nuovo, 1969). We have shown the following 
PrOPperviecsnto bercommonito'the PS peak inenicke land the 
anpeak in’ tantalum and nicbium: 

(lywPorsa Lixedhamounteofteoldhworkj} athe néeignt 
oftthe peak, “andpitsitemperature TS inereasesewien 
bydrogen concentrations 

2 eheres er ined nydeosenteoncenGravionge vine thei ent 
Cie acepeskmancreases wHthythe amount of cold work up to 
ePcraviGal vatveratter when tedecreases (to tveryasmall 
Values 

(3) The temperature of the peak maximum tends to 
Gecueassets hichtipwitamancreasingemamounts ortcold*work: 

(My AtThe: peakits relative ly Omsensitive to the 
Pues famplirude "Om themsound Wwave™ 

(5) The peak temperature oF varies with frequency 
accords neuvoran Arrhenius tequavion, Sindveatinge thaveie 
acvises from a thermally activated relaxation process! 
Ge hud ia ton the ppeakvcannomibe explained by a since 
relLaxat yon process and arance Tok nelaxataonscimes? ais 
imuiclvied Gnkeachicase 7 wBécausea ofiihei similar vars: 
we will assume that the Pa peak in nickel and the a-peaks 


in niobium and tantalum arise from the same relaxation 


process. 
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Trew at new eromertaes: (l) and’ (2) 46 would appear 
that the hydrogen cold work peaks are due to dislocation 
momrenTin theSpresencemofrdigsolvediiydrogen sor visa 
Were. loLice abhne toedkearisas irrespective of ne Tonce 
in which the dislocations and the hydrogen are introduced 
imcComchnel Crystal Sweeeantasstme thatthe trekaxation does 
NOvmrequiire Theipect Miaredislocarronwevcuctures Swhmelk 
COouLd@beTorodvucede@py, denormatnovernryrneapresence of 
hydrogen (a difference in structure has been observed 
Dye lcommand Smith 61964) % 

Pie —hydrogenscoldrworktpeak tnutantalum hasilbeen 
interpreted by Mazzolai and Nuovo (1969) using the 
Schoeck (1963) atmosphere dragging model. This model 
Sooo cmonak sume lnverial @rvcuLon Nees Prom Che suress 
micmeeammocrom Of \dislecaudonseexpentencingraverscvional 
force caused by the impurity (hydrogen) atmosphere around 
teem. (“he ochoeck model has recently been moditited by 
iowandscuceno (190/) @o- take Into account @he femiects 
Gmeincermal surésses.  Thentrecarvmenvyiucyro: tiem ater 
Sucmoreaw1 LI Deworesentecdhberer 

ibe equation of (movMon lf oraaedisdocarmong is wie 
Weacttbenuinea simi@iar fashion stonequatione (5412)3 ghowever 
thesenergy pér unitelengthyof the dislocation is presumed 
GOlnsave 2 Constane value a (nor LaGiicesintcracvi0n). 


The result is 
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2 
Boe - BE oe Stal Capos miler er (5.36) 


Q 


where the fitrst term on the left handwside is the fric— 
tional force due to the solute atmosphere (proportional 
vo dislocation velocity) and f, (x,y) se the force caused 
Dy one internal “stresses. The inertia term in the 
equation of motion is assumed to be very small compared 
POpener  riction term and 2s theretore mezlected. The wy 
coordinate is the direction of displacement while the x 
COOegiNacvesis parallel to thesdislocabion lane, Wath 

NOG Lernal Suresses o present the equilibrium positaon 


Com olewOLes OCALDLON: 1s given Dy; 





O _— 
oe ye Cy. se) ex Ob y CNRS) 


By expanding f(y; xy avouteune. Colne ike and reveadining 


only first order terms, we can write equation (5.36) as 


2 
apeds) yes) 2 
Bete’ - Sage PCC een east 


where a, (x) = df./y ‘5 and yj. = yi ee For samp licicy 
O 

we assume that we are able Hoi replace &€(x) by anvaverace 

value — and replace a, (x) by its average value ay: With 


hese, substitutions, Jteiseshown ohac the soluvionmos 


equa ion w( 5) 30 Jeno Lvensby.: 


OB G “i 
eisai) Sega HOKE 
E = Mies tae ee a ae : (5529) 
ae sacle 
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Por woe Conditions. 


The constant o(=10) is related to the average displace- 
ment approximation and is tne | heneth of une disioos— 
tion segment. Equation (5.39) reduces to the results 

Otroehnoeck ©1968) for ay =O Vero Or Uniform anternal 
stresses). The strain resulting from this displacement 
for all the Gistocation segments (see equation 5.10) is 


iene ne may erip sD. 
en SNe, Hot Eat 
0 


miere oj (2) is tie density ci distlocation segments of 
Heme Gi 8 bine incvernia le trictionels derived from the 
Mier miary part Of tie “dislocation sctrain, eecording To 


equauLron= (5 ulklL) 5) toe be: 


Oo - a a 
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gn Sp ee Ce eee (S240) 
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ge Sarees Aa ee (5.41) 
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ends. the total length of dislocations ver unit volume; 
IY ESTA lees 


fee) 


L = ; COM Cc Ge) seen (5342) 


Teyioceeverave Value of 2 1s given by Ry we can rewrite 


equations (5410 )\aeas: 


= ieee. = it 
Q = at if o( 2) PUR! dg : (5743) 
Oo - O T+ T 
—=- -a 
ac Ai 
O 


By comparison with-equation’ (2519) we see that tthe 
Gastoecevron drearc "mode! yields 2 relaxation process with 
a spectrum of relaxation times governed by o(2). The 
Peolaxet1 ON sGinenes eCValuated Using tne Hinstein mobalaity 
Co aerOnm OP OL usin pareucles: 

a edua tion COA we see mt tet tne relaxes Gone: ime 
menwcouLT OL cd bye lie Tri culonel drar coef iclveny in 


euuse hon 5630) Waco =i ose@iven by ; 


ah eg 
Bo oe 7 > exe) 


Where © 15) the totalo tri culon i orce pol Une. dis locatacn 
moving with velocivy Vv. Ihe Scenoeck model 1s basceayon 
the Cottrell drag model (Cottrell and Jaswon, 1949). 
ine dislocation MmovLon Ls assumed to, bes revarded by sune 
Mecessity vo move the Surrounding Imnpurily savmosphere. 


The force exerted on the dislocation by its atmosphere 
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is equal to the force required to move the atmosphere at 
tie velocity v of the’ dislocation. This force F is 


given by the Einstein mobility relation: 


k 
po oe (5.45) 


where N is the excess number of impurity atoms per unit 
length of dislocation and D is the diffusion coefficient 
of the impurity atom. By assuming that the impurity 
aromsawhnichsgeontributre to the dragecing force pareralt 
within a radius R of the dislocation axis Schoeck (1963) 


demonstrated that: 


2 
C _ 
oe iat ae (5.46) 
uf b> 
where Ca is the excess concentration of impurities bound 
to the dislocation (atomic fraction): The relaxation 


time is then derived from equation (5.41) to be: 


QnRoC kT ak 


fyy( 2 - ay). (5.47) 


Sree et 
BP aoe ot g 


The diffusion coefficient D is assumed to have its usual 
temperature dependence 
De D, exp (-Q/kT) (5.48) 


where Q is the activation energy for bulk diffusion of 


the impurity. The concentration Cg is assumed to be 
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Proponbiene | AGO pGeexp [E,/kT] where E, is the binding 
energy of the impurioyftavom: toythe Gislocation and C 
(oe Une Wyorogen concentrayion ain the sulk “The relaxa- 


tion time can then be written as: 


Se eee pe PAS [(Q + E,)/kT] (5.49) 





where Ky is a Gonstant sand Bo has been replaced by 4b?/? 
(Seeger et al, 1957). We see that the atmosphere dragging 
mogel resulus ine®a thermallysactivated relaxation process 
WeenmanracviveaetioOn Cnerey Wegiven by *the*sum-ot Q8and Ep. 
Tie on ee relaxation time has la specurcum, of values 


cavised by the spectrum-in*both 2 and/a,, the internal 


fo 
Sura, ered iern.= 

(Mie Mest oUceOmVyaltes OF UNG acurvallonm elergy W 
Pre soomolred aieueaple. LV Uwith the vadues or rand Be 
Secgermined by other rechnmigues. Wemshnave anciuded the 
Restice fOr Lantalum, miobium, Lron, and: palladium tor 
COmpart son purposes.) some. identifications ofpihe 
aCel vay Lroneeneryy Om diffusion that occurs in the Schoeck 
atmosphere dragging model with that derived from the 
Smock relaxation peak have been made, in the liveracure 
(Mazzolad sand Nuovo, L069 and sGibala’, 1967) eels is 
LnOWnE thacebne measured sacuivation energy for ditiusion 


depends on the method used (see, for example, Barrery 
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TABLE IV 


SUMMARY OF ENERGIES RELATED TO HYDROGEN COLD 


WORK PEAK (eV) 








Nickel 


Chee ANOEL” (055) 


Tantalum ._— 


Oe MG Ce ODOR LOR E e) 


Niobium Be#O: 30 Ch 


0.04 Coy) 


Palladium 





ire Gil 
Bp = 


PectveCrs rel erevocicumervnods used an Neasuring ss) 
internal friction experiments (Snoek effect). 
Serraved-=yieldane roresiradn® apungs techniques. 

Vem Lous. bul ke duh TUS Lon. meLnod sate veh emoorea utes 
SMO: 


Derived from W-Q (Qn for rail except N; where Qn is used) 


Derived “from serraved yielding, experiments. 
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(2) Chambers, 1966 (6) Mazzolai and Nuovo,1969 
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Snoek activation energy seems somewhat arbitrary*.* The 
better choice is perhaps that derived from serrated 
yLrelding measurements.! The activation enerey —envers 
Ene suneory Or serrated yielding (due to dissolved 
hydrogen) in exactly the same Way tihecei1t does tie 
eehoeck Imode Pi wilnvexamining Sehe caseliof malicke Dein 
table IV we see that the binding energy of hydrogen 
to dis loceat tons ols Ukuown *fromitwotsotrées Pe "rhe first 
Was Trobvained by subtracting the value of Q derived from 
Jetigoueduy lel Gime rexperinents Dromeuhe acuivariionvenercy 
W (of the cold work peak). The resulting value is in 
excellent aercecuien withthe vale ror ER deri yea “i1nde— 
Dendenuly TromPrthe isanerexperimentv ein (whiched Gwas 
determined. 

tnravobium yy the only TovirerSmet al Gin vide Mya Le 
Reouewhich Oehas beensobvained from serrated iywelding 
Smmeecys faUDeCTSituaulon Tsquivetdiii erento yihe measumed 
WalUewo PEQM is elarrer Cohan stheivalic 60m iW. Helhi Ss Sleads eto 
emanegcauiy cuva luc’ of Ep: Ther vale Cor: Ep Could Gin Vier 
bewnegative “and would indieatesa repulsive forcesbetween 
themdisiocattonsandYthe hydrogen Umpurithyi7esl vehes 
however been tacitly assumed in the Schoeck model that 
Ghewexcesseconcentration of impurities around the dis— 
location Mis sa lpositivemgquantiny .OMA te.liehtly miore 
refined treatment (Loth and Hirth, 1968) of the fric- 
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the absolute value of the binding enerey Bp enters pie 
theory. s Thus, the actavation enerey olerhe hydrogen 


cold work peak should be given by: 
W=Q4 Epo . (5.50) 


Wevece From equation (5.50) that (WO) should be 2 
pesitive mimber, that) is |En|- 

The use of Q@ as deduced from measurements of the 
hydrogen Snoek peak would resolve the problem but this 
DEO CecdUuCem is Mulicerlalna  Tais approseh was Used) by 
MazzZoVed sand Nuovo (1969) and) as shown in the table, 


DoecmwecoUluinoy value Or he ase comparable With’ that itor 


B 
peecNeeee CS result cannou Derconsidered as "conclusive, 
Senece mo Nee relarionshio peuween Qa (Snoek peak at low 
temperature) and Q (at the temperature of the hydrogen 
Cold work peak) is as yet not understood. The classical 
UieOry Ol, CAL tUusStOn 1S NOG expectedr tO apply to) aydrozen 
at low temperatures because of its small mass (see, for 
example, Mueller, 1965). In view of the lack of knowledge 
Concerns the GilPusien acuivation ener ay, swesmusD 
conclude that agreement between the measured values of 
Weondemt nay predicved Invequat lou 5).50) i seaebesy 
Soeculaulve. 

ie value Of wNelwrelaktavlonesurene hn ase ay em 
im te Cuawlom ach Sls miadependenvs Ol, vMennydroe em iCon— 


Coneprabton | wits oenouUen aerecmeny wWlLtl the eCxperimentad 
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Pestive Or Une nydrogen cold work peak in nickel 
(figure 4.10). Mazzolai and Nuovo have noted this 
G@iserepancy in their measurements of the peak in 
Ctanvalum and niobium. ~1t 4s to be expected from the 
mehoeek model that the peak would not exist in the 
aepeence ot hydrogen. The Schoeck model assumes that 
Ueew io CuTOlalaLOrce caused Dye The siiberstitial hydrogen 
Cavwoer described by a uniform force per unit length 
Reo wit eis peal Whien ts independent’ of hydrogen 
SCOMCeRoealctOn- smth s Cestmintv1ton Can only be considered 
Ve omvicimmauU merle lance Derween mydrogen atoms near the 
CH TOCattONsce ls Very siabiwcomparecd tO the distance 
between pinning points (typically Lae Ci) Gece sneasy 
Momo towebilal wie—disvance: Debweenshydroren avons at a 
Cencentearion 2s small as 1 p.p.m. is approximately 

aX 107° Ciisso AC COraingy LO Our areumentstuhe peak=@shnould 
MiGeedsceuvwavl Mydrocen  cOncentraviton up to a value on 
BiewoLcdcrsOuelm@oupei. where tbe = pchoeck Cescripulen 
becomes Valid. The concentration of hydrogen au tne 
dislocations is very difficult to estimate even ie ee 
total amount Of hydrogen) dissolved. in =the samp legis 
accurately known. Various attempts have been made to 
estimate the hydrogen concentration at the dislocations 
(Gibala, 1967; Sturges and Miodownik, 1969) in connec-— 


tion with measurements of the hydrogen cold work peak 
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iis Pon we ne restive sare somewhat vncertain; however 
they cenerally indicate that, in the range for nd 
the height of the peak increases with hydrogen charging, 
iDeroX Cece —COncentnarvon 1s Of the order 0.3 to 1) p.p.m, 
Por erurvher hyarocen ichnargine, the peak height saturates, 
Wavten ts Consistent with the yiew that the Schoeck.model 
emo vevaliaswhen uie hydrocen concentration is. high 
SenouUrnetnag the Truciuicon force can be considered unitorm 
2lOtigeune steneoi of the dislocation. 

The procedure used by Gibala (1967) to estimate 
Toete ces po mi yarocen, Concent pravion méear the diclocations 
Counomebe used in tne rcase of mackel, ~The procedure 
oekeswuse OF the relaxation Strength of the snoek peak 
Wo rCimomnOL Preseli i Qeanickel Ssane@cyl Lois .atel.¢.C. 
metal (see, for example, Berry and Nowick, 1966). It 
C(O cceOGmocemUnreasouadu eC novever VO expects similar 
Vomcoe FO apply and the explanationeot the concentration 
dependence of the peak hneishtswoulds, proceed iny the psame 
Wevyeas FOr Lron. 

Levsusenex tweecxamincl ioe relaxataeneccurene oli aor 
the peak as influenced by cold work. Prom equations 


(5.43) and (2.9) we can write: 
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Tpwe assume -tnav one «dbs locattons “are randomly “oriented 
it is easy to show that the average distance ha between 
points of intersection for two dislocations can be appro- 


ximated by: 
(Ly ESV Ale (5.52) 


Bese es Oversec Los Shorm pinning points! Lori he dislocations 
(ioe @and Wirth, 1960). "Thetiarce immobile inpurities in 
tne sample will *ceneral ly form pinning poimts which are 
Creser = uoze vier “than the "network Length Qs im a0 anned bed 


Cyr ait. eo lia Gass 
Ne BOG? : Cas) 


Tis sea scuUmingea= sO. in wequation.( 5.50), and .weplacing E 





A 
by eae (Seeger et al, 1957) we find that; 
aLes 
Ih de re Grey») 


We find that when equation (5.53) applies (annealed and 
lightly cold worked samples), the relaxation strength 
Pieressces wilh © Which Increases wir, cold working. sor 
larger amounts of eon work Qs becomes less staan RG and 
Mustereplace, it in equations (5.51) and 5.54) sci ucesuuc 
DLOGUCU Les 1S 8 CONSvaiu, su her releaxavaon strength Con 
equaciom 5.54) must become Constant tor large cmounts on 
COlumvork. Shsmcne Cislocavion density ancreases They 


interact more strongly with one another, that is, the 
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Menuet ay becomes Varger., © Lét Wse=consider the case where 
an is a negative number. This would occur, for example, 
PoPaeezroup ot Imtveracving "edpevdislocations erranved 11 

wre =rorm ora Taylor °ner™(Weertmann and Koehvers 91953). 
Mie*valuctor'\N as derived *fromVequatvion (>. 51) should then 
decrease as ay Decomes cre Nerative. §This could cualice— 
RAVely explain =the *exper imental *observarrons “as “ourlined 
Dyeeroperty (2) at @the therinnine "Orethis section. 

The quale lapiverarcumentes=prese ited apove show Uniat 
ttiemarmnOspiere draveines Model™ can eaccouny Por “rhe hydrogen 
Covi iVeork= pean. The vnecrevicalceveloomenty oF tis =nodel 
as given by Schoeck (1963) and Ino and Sugeno (1967) 
however requires Purther “deve lopment “in order vor gev™a 
Peat rs ole duanrulcarrve COMmparison. @™lne=Miverprevativon of 
eMe resi us would “ailso™bpe Gidedm@by relvabvle measurements 
Cpeeic aco lvavion energy [ere@rine di thusvon “or -ydrogen. 
Themyoula be best achieved by serrated yielding experiments 


Near the Temperature of the peak. 


Beepleacnevic danpimeseiiects 

In both .cold.worked iron and nickel it has ,been shown 
Bhat one .nbernal friction exhhoits a yplaveaupmertone lies 
temperature dependence. We have also shown that this 
internal friction effect depends on the magnetic state of 
the sample as well.as, the state of scold works, (2 was 


pointed out in Chapter LeDecnath the pLaveauercobonein iron 
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andendekel aretveryesimalarv~oiniview Of the fact that 
this damping in nickel is observed only for a limited 
mange*of cold work) (*3-127%) and: is heavily*masked* by 
other*damping effects, we will restrict our discussion 
VOevhe=resultseein' i ronsand vassumeothaterhes conclusions 
appliyrequally welll Mint both’ cases. 

PtP was originally thotights{Vrenneau ,P1r900s 
Verdini-and-Vienneauy 19664) that the "plateau arose 
heom* distlocavi on® damping. Recalling the resultsrin 
figure 4.30 we see that the frequency dependence of the 
Vewmavemperavure: 1nlernel =irrcrtionacanhve -fatetoethesoen 
at alee O60 )Stheory. Sh TnerOensetealetheoryeis simply*a 
general solution of equation (5.36) used in the Schoeck 
Neo we lies Tnverneale sl PressesmareaassumedsvOabDeSZero 
ets 0) and no assumptions are made concerning the frictional 
momcescCoOchiIcient=b. Thevquancity Wo mnivoche calcularcson 


rouchiy corresponds tos 


= =" Gansisy) 


Whereareic. the »relaxvaviOngtime Sseeiven, by, couation: (os) 
with Ebi Oe The experimentally determined Temperature 

Oeoendence. Lor WG given in <fisure Av3l) indicates! thaver ke 
relaxataon wIme Wis proport monaly vo, Chevelecvricalconduc— 
Giicy seasons GLO66 b)Mnast sugzes tec lave eeu re umet ais. 


the  s=train field 38round 2) diglocation woudds inveraca. wlth 


thiewtree electrons) ime vue metal and Cherelore produce 4 
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Geolakat von *bome witches) proportionaleto the “electrical 
conductivity. This conductivity dependence is in agree- 
Meav Wl Gi aie. resitiie net voure WPA = however the author 
has shown (Vienneau; 1968) that the relaxation time 

Deeds cccd Dy Masons rncory ws mich Moo "sriall! ter account 
Romy nevexperimental resi l ts. 

Recently Hasiguti et al (1968) have reported mea- 
SUGeIentoS "Ol Ultrasonic avrenuation av room Temperature 
SiC Omen lich eleverat Trl DUGted' vO diss lotation damping wirn 
Wong relaxation times, comparable to those in figure 4.31. 
Wieieuot sea nemind we sought an alvernavive model for 
Cea OCe Gon dampiie in rerromagievlre metals. ~1t is known 
Cinema tin sre lid Paround ey Clslocavilon inveracts, via 
Mace t Oa vc FLOM wie metne MASney map ion in” av terromasnetic 
metal (Brown, 1941; Kronmtiller and Seeger, 1961). 

Kesevacm and @el'dman (S68) have shown that this effect 
Gavmbpeceurested as a small. perturbation on the normal 
MaegmMevezaulon vecvor. 9 By mMinszmi Zing? the elastic and 
magnetic energy around a dislocation they have shown that 
thesintvernal rielde in a metal can™ be expressed "as: 


eee eet ite 
(5 56) 


Where Maolc a small deviaulon Trom alunivorm invernal mazne- 
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UOMtNewdislocacion sine .« The quantity m is the corres— 
bending deviation in swmaeneti zation Mo: I is easy. 00 see 
that a moving dislocation would produce a time dependent 
magnetic induction given by the time dependence of 
(h + 4qm). ine sesulting induced €.m.f. would generate 
eddy currents sand consequently ~power. dissipation and 4 
PaweG Lone elon co on ste wiis location. The author has 
demi vVecy tie sorict ional momce cocrhiciens Bb and the dis— 
MOGs teLoMmewe ascot On a ume me acting from the values ~of jh 
Mndenseivern by wosevyich and Wel \dman (1968). . It is 
Pini oheni Lorsay ulate Ghe resuluing relaxation time is 
Cen eoate  OCnCCt eas J Ubat Olaleason Ss st hoory and atheretore 
€an005 accounts .0r the results sin fieure 4.31, 

From equation (5.54) we expect the magnitude of 
Gio iaveria lL otwicLuOn due Wo dislocation relaxation to 
Boecrease a5 he Nee. Tae bestecieck One tis sbechayvd oO 
Come cmic Ome wclLrecy Ol ecadieat von Lie ne alnibernal Tricot on 
(Thompson and Paré, 1966). The effect of high energy 
ieee uao LO. LS .LO;disp lace «some Of une avoms sirom (one iz 
Lio Leees Lees into pinverstitial sites 9 Chatewls. I nvere— 
Dio eam Vacancy s6eheeUSs sare produced. | ines Gucci Cisse 
avemcDle Go wmierate touthe dislocations endg produce 
Panming ooints. ~We thus have a situation sybere” Lev ie 
total lLengtiofedislocations is ,umchanzed but Xo is 
effectively shortened. Equation (5.54) would then predict 


SrPeductLon in uiesimeertial friction due to dislocation 
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Belaxathonve The) invernal-fnvictionsinathe plalLeaujtregion 
clearly does not follow this beahvior (figure 4.33). 

The ehevendiscissioneindicatesmthat dislocations 
Gq©ownet playmacdirect roke jingthesplateausinternalifric— 
Eton sttAsppoimbeddoutsinstne lastichapter; sheafact that 
pnemiutermal fricvhion tspereat ly reduced iby ethegapplica— 
EvonsofbadmagnebicHricld andabhabashe Largesteépart.of 
the reduction approximately. coincides with magnetic 
saturation (figure 4.28) favors the interpretation that 
domainewall motion .istrespensiblesfor the relaxation. 
Pheamogron of domainawalls#sinathespresence rot internal 
stresses is as yet an unresolved problem (Truell et al, 
moOpC) so 1b 1S possible to make only qualitative remarks 
av vitsteline, eiivetirrevers Dlehmogpuonsorydonmain walls 
(in the presence of internal stresses) known as the 
Perkhavisenpenrcetenas Dbeennapplied yinaLiesstudy wot magnetic 
dampine. satheyresultingphysteresisytypesol «damping has 
been observed in both iron and nickel (Roberts and Barrand, 
P9694) sandertecountsstoraatlaree porvionsyof athe |\danpineyin 
these metals when they are well annealed (figure 4.27, 
Upper curve yt oThisehystberesasndamping 16ahoweverngande— 
pendent of frequency.(see;)|for example, Bozorth; »1951). 
Coldiworkingeas expectedgtonreducesthi spdampizevognegi— 
piblesamounts (Bozorthiai95. andyhobervs andy Barrand, 


LO6Sb)e SThetmestibsein figures. 2,laresinjasreement with 
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this picture. The frequency independent hysteresis 
damping is however replaced by a frequency dependent 
relaxation damping (the plateau region). 

Tie metron On domain walls in connection mwitn 
acoustic relaxation has been considered by several 
ouppomes (Meso, 195157 Simon, 1961: and Dietz, 1969). 

As pointed out by Dietz, these models have not been 

Per tc lamiy sUlccessiul In -expleiming the relaxation 
Pert Ofsmeenetic. damping 1m annealed metals. In the 
Case of une plateau, whey are even less approocriate 
erica siOlewot tiem take antorsaccoun; the effect of 
iirerNealwotresses Wilich sSéem vo play 2 Ssieniricant role 
here. 

Lie tne -sinpiest model. the «domain. wall as consi— 
Ceregmos a MeMmDrane “Ol Tineve tnickness. “The application 
of an internal stress (sound waves) causes the wall to 
Mipcaverana Chance thickness.) TAS 10 dees sO, caddy currents 
Seeweeteraved Which could produce the Cesinred relaxearaon. 
The treatment depends on the type of domain wall (Mason, 
Poppi )eeuheretore one would expect aedii berenu behavior 
Dei. Ccel, Which has predominantly ine vehe walls), vUhen™ in 
iron which has predominantly 90° walls. This might 
Secount tor the fact thay the olatveau in arongis Taree: 
and more easily seen than in nickel. It might also 
aecount form the limited range of cold working for which 


Phesplaceau ts epbrecialule dn nickel as compared vor iron. 


ifs 























ee yr ee Fa two) rqars vovewor ek Ge : 
» mols ia? cide tedg, ots) nitambp notvenate 
\ovgeney cf ottew einteh to eit Son nt : 3 
mblenos feet aot Aobianetae lata 0 
fa ,cowll ;1@@L ynoseM) eroiieas 
a suory , e7eld yd who! betateg eh 


leteasooe - sagen 


at oni qtnh fd eget 6 sq 


. 


; : 
ny Li. Siz B Ke] seko. 


; 4 
J wady Io enon sonka 


< ; ' 7 
va ‘tw seesertia Ierassqk 
. - 


- Sian 
rel oats ed7 Al 


siondaem & as Bored 7 
r) s2ae¢36 lars gar nevte 7 
4 


BY >i amie he ' sunaric- Dna ‘otetdiv 
ovleny binee Hotdw Selteiensa 
noel we my mit no bbe sqeb ‘IMemIaer?d Sri _ 
~~) an 
mal Seanad J atte =" > @ 720 Hilwuw ono ssoTeran? (reer - 
: 7 > or 
oh pitts .¢ilaw Cel lene’ /Gobsaq saa doftiw visto nm - 
: 
Tae YL tsoinebert¢g bad ie bitwe be 
hanks ot Hout ct cewtehg att. todetods ode oi ; 
rm 


tear Asie 35 <inisar ot. eas aeobias 


: sbrtba tins Sti .ettewy 


_ 


™ 
= oe ‘4 
a 


152 


One Mi snteconsi cer the motion of domains as 
analogous tO thateot Ggdislocations. The internal stresses 
Wore taxcr invo accounv in the dislocation model by 
intraducing a static position dependent force r. into 
the wequation (5.36) of motion. It shovld be expected 
Chace catsewouldmbe srerlected ingthe relaxation time as 
Wacmune scace Tor dls vocations (equation 5.41). The 
Pes GspOter pure 4.32 show that the relaxation curve 
PVCs ten cant ly yshitted. Ine trequency Dysannea ling 
CONUCrary spo Ene OUalitalbive argument given above. 

LVeaetrnme ne experimenval tesuilus favor an explanation 
ives sore MObLLON, Of Masnevic: domain walls in the 
Presence Of Anvernal stresses, 2 (quantitative comparison 
Musteawait Turther theorevical development, It would be 
Hopedwunet theyisuccescmuleehiocery would explain the maximum 
tome nemincernal Trictvom Versus magnetic ficla which was 
observed here (figure 4.29) and by others (Bratina, 1966). 
Wieseer tect 16 known to be associated with the cold werked 
Pease Omune metal (Brabina., 19660) and probably, involves 
Hacernal svuréesses. No explanation however 1s available 
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THe tnvernal (riev10on ef cold worked nickel has 
Deen iMeasured "as ay Tunctton of several paramecers (inclu— 
ding temperature, frequency and degree of cold work). 
The temperature dependence exhibits a large peak accom- 
Daned Dye a subsidiary peak om ats low temperature Sace. 
iene a Cel Gentitied With the Bordon peak and Niblert— 
Wilks peak, in) ¢Cpper. Another relaxation peak occurring 
aula Nigsher Temperature than the Bordoni peak is identified 
Ween eee hydrogen cold work peak. A magnetic relaxation 
SiecG Was also observed below the temperature of the 
Bordom soeals. 

ines [Ordon leak wiraiucCwe Lowes Tound TO ibave an 
eee vearLOnMmrcierey, OF Onl 9520 02 vey with @ limicine 
relaxation time given by 2£n t, = -=20. The peak width 
Maigvcaves a redaxationm Game spectrum samilar to that in 
Gepeer weene resulvs are, Uiccussed sine vermns of the double 
MimicefemeratkOl theory. We tind that Che specorum Cf ene 
BPorgonime peak Cannot be explained by the proposals of 
Pare (POG1), Seeser and SehaPler (1962) and Hobart (1909). 
Whe more detailed theory of double kink generation out— 
immed pyeseeger and ochiiler (19060)) as discussed. spur a 
quantitative comparison with this theory would require 
More emitormalvlon abOoUulLeune Crs lOCceU Lon Datame leis abla 


ave wpeecenyly available wor real mevais. 
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The Nablevi_-Wilks peak in nickel.was found to have 
aie Cia yorton veer ay sor 0.14010, 035 ey with aedlimitineg 
Pole tea tl One Mesei ven by. in amt eons 0 Wiel onge~ alsy 12) 
spec rum Of relaxation times associated with, this peak 
Similar tojytnat of the Bordoeni peak... Measurements made 
onl the Niblett-Wilks peak in copper for comparison purposes 
eoOWUsthet sthis peak ls meade up of three overlapping peaks. 
Poorly de ined suructure Observed on the Nibdlett—Wilks 
ee uae we aia mt VOUT TOmCOrresDOnG CO Une Cleaver 
CesUliemlii copper. (Our Measurements (of the Bordoni peak 
ie roneeco ln worked BCODpe Tm eenOW UUne same PeuruGture on 
phew erenebenperavuresstde asawas discussed, by oeezer and 
Sepa lier. (1962). The, Bordoni peak in nickel is observed 
Peo vemeOroG) | Dil Gero smsolcmstruCture = Toretnern withthe 
Pesyulus forthe Niblett-Wilks peak, this Jends strong 
support for the Thompson and Holmes (1959) proposal that 
Sey cme celon Gb On ocCat sore resent Ine Lae ViciniGy or 
Che wBoOrdOnl peak. 

Hie adda cen of @hyarceen! FO Cold) worked nickel ais 
SRown CO, proauce a large wrelaxation peak opcve the vem 
perature of the Bordoni peak. A comparison shows that 
tims speak 135 the same ae unat observed by Sommer end 
Besnerse 11966) and Gdcntitied by whem tosbe) tieoseordons 
peak, | ine activation energy Por yas peak waselound slo be 
Pao COkIMaAD ely Wo CV eo LaUC DLC lL eUilie peals obo ne 


hydrogen cold work peak in terms of the Schoeck (1963) 
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atmosphere dragging model. The activation energy of 

Oo Cy tes terreeteant with schoeck theory. The effects 
of cold work and hydrogen charging on the relaxation 
BUeone ih are discussed sin verms of the Ino and Sugeno 
(1967) modification of the Schoeck theory. It is argued 
Gwmquelivau. Ve erounds tnac, the schoeck model is not 
aComles oe Oriveryesmall myaroven concentrations, The 
Ser stelval recvlys are Siow to De Comparable with the 
nyOrOsen cold Work peak invouler metals, particularly 
tantalum. 

UUreMeasurements On vanvalum have revealed a 
Picve ouctvwanre DOr ued sare lar aurone peak which occurs. at 
oelower temperature than the hydrogen cold work peak and 
ioe Od CCU sy ecolonworkine®. ly ts susstested that the 
Dealers Sami lar onc nauscreported an magnesium by Tsui and 
Sacks (196/) and interpreted as a grain boundary effect. 
Mocemyor mined ineemeasuremenis On single erystals, 
WoUMCn Oe TVeEry Uschi Lele inv crprevine Chese results ur 
View. 

Nickel samples cold worked by amounts between 
avproximacely 32. end 12% strain showan invernal iriccion 
eEbect scilmmlar GO pone wolavesu resion Peporeed D¥eL gene, (apy, 
Bruner (1960) and Vienneau (1968). We find that our 
original suggestion (Vienneau, 1968) of a dislocation 


damping effect involving tne conduction electrons and 
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eevecenm modi rCevroOns ot 2t which takes into account 
MaeNnelLoOstricolryvewcni(Gcrs, when isubjected to quantita-— 

Dive comparison, cannot explain the “results.  Medsurements 
Dresenitcd a Ore DOUmwmonmand sntekel Tayor a magnetic 
Pelaxatilom efrecolUlnvolving the motion of “domains “in 
CHeworescrCeomolemitemalistresses. . A complete descrip— 
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